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Abstract
The Equation of State SuperNova trace Cosmic Expansion (ESSENCE) survey
was a 6 year survey which discovered and followed 228 type Ia supernova
(SN Ia). The primary goal of ESSENCE was to characterize the dark energy
equation-of-state, w. However, due to limitations in both the knowledge of the
SN Ia progenitor system and systematic errors related to influences of the host
galaxies on SN Ia distances and the photometric calibrations of the survey, the
measurements are only accurate to ≈ 10%.
Combining the 228 SN Ia light-curves from ESSENCE with published data, we
use a data set of 695 SN Ia to search for progenitor signatures in the early-phases
of a SN Ia explosion. Kasen (2010) predicted that the companion star in a
SN Ia would create a hole in the ejecta, allowing heated emission to escape,
subsequently producing a strong signature in the early phases of a SN Ia light-
curve. Using Monte-Carlo simulations, we examine a sample of 695 SN Ia
light-curves, searching for the emergent flux in the ultra-violet (UV) and blue
filters, expected from a red giant companion. Using both the frequency of these
progenitor scenarios and viewing angles of the shock break-out, 4-5 detections in
the SN Ia light-curves are predicted. Our analysis yields zero detections, which
subsequentely excludes scenarios where 10% of all SN Ia are the result of red
giant companion accreting onto a white dwarf with98.2% confidence. We explain
that the SN Ia scenario involving accretion from a red giant onto a white dwarf
has problems with either the physics of the accretion and explosion mechanisms,
or the rate at which this scenario results in the explosion of a SN Ia is rarer than
currently predicted.
Also using the ESSENCE survey, we develop a new method for determining
the Spectral Energy Distribution (SED) and rest-frame magnitudes of the host
galaxies from the ultraviolet (UV) to the infrared (IR) and use empirical relations
to derive stellar mass and star-formation rate (SFR) measurements of the host
galaxies. We also calculate the normalized separation of the SN Ia from the
center of the host galaxy. We find a substantial amount of UV emission in our
passive galaxies, suggesting star-formation in these galaxies. Additionally we
find a (≈ 4.0σ) correlation of the rest-frame Far UV (FUV) - V host galaxy color
and distance residuals from best fitting cosmology (Hubble residual), when the
sample is divided by host galaxy type. Lastly, we find SN Ia > 2REff, where 2REff
is the effective radius of the host galaxy, occur in low-extinction environments,
subsequently producing a uniform sample of SN Ia which can be used to measure
cosmological parameters with lower systematic errors. SN Ia at these distances
have noticeable offsets in SN color and Hubble residual from the entire sample,
suggesting improper treatment of SN Ia color and dust have the potential to bias
SN Ia distance measurements.
Finally, we discuss two improvements in the photometric calibration of the SN
vi
Ia photometry to reduce the systematic errors in distance measurements. We
implement a procedure to produce a photometrically flat image with < 1%
illumination gradient across the images. We also detail our automated procedure
for correctly measuring and correcting for the flux of the SN Ia in a given
aperture. These two improvements helped produce SN Ia photometry with
≈ 1% accuracy. We compare our SN Ia photometry and light-curves to that of
Wood-Vasey et al. (2007) illustrating the full extent of our improvements.
vii
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CHAPTER 1
Introduction
All men by nature desire to know. An indication of this is the
delight we take in our senses; for even apart from their
usefulness they are loved for themselves; and above all others the
sense of sight. For not only with a view to action, but even
when we are not going to do anything, we prefer sight to almost
everything else. The reason is that this, most of all the senses,
makes us know and brings to light many differences between
things.
— Aristotle1
To date, over 6,000 supernovae (SN) have been discovered and classified as
recorded by the Central Bureau for Astronomical Telegrams (CBAT)2. Despite
there being thousands more SN that have been discovered and either not classified
or reported to CBAT, the finding of these objects represents a rare occurrence
considering our Milky Way galaxy has ≈ 100, 000, 000, 000 stars and there are
≈ 175, 000, 000, 000 galaxies in the Universe. The first known observation of
one of these objects occurred in the Milky Way, which was made by Chinese
astronomers in 185 AD (SN 185) (Zhao et al., 2006). A few more supernovae
occurring in the Milky Way were also observed over time such as SN 1006, Tycho
Brahe’s SN 1572, and SN 1604 (Winkler et al., 2003; Baade, 1945; Blair et al.,
1991), however these objects were only identified as SN after the fact.
Hubble (1929) was one of the first to notice a new class of celestial objects. These
objects were like novae, the nuclear explosion of a star, but they were much
brighter than classical novae, almost as bright as the galaxies they occurred
in. The work of Baade & Zwicky (1934) was the first to label these objects
1Metaphysics, I.980a21
2http://www.cbat.eps.harvard.edu/lists/Supernovae.html
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“supernova” — giving birth to a new class of celestial explosions. These objects
spanned a wide range in luminosity, and their light-curves varied, as shown in
Figure 1.1.
Figure 1.1 Figure from Wheeler & Harkness (1990) showing examples of the different types of
supernova with their light-curves, in the B filter. The light-curve labeled Ib is a combination
of both Ib’s and Ic’s. SN 1987A, the best and most studied individual supernova, is a
peculiar type II-P supernova, illustrating the range and diversity supernova have despite their
sub-classes.
Minkowski (1941) further separated this new class of objects by designating
supernova which lacked hydrogen in their spectral lines as type I. Careful
spectroscopic follow-up (Uomoto & Kirshner, 1985; Branch & Doggett, 1985;
Wheeler & Levreault, 1985; Panagia et al., 1986) led to type I supernovae being
further sub-divided into two distinct categories. These divisions were also seen
through the study of near-infrared (NIR) light-curves of type I SN (Elias et al.,
1985). The first category are type Ia supernova (SN Ia) which are the result of a
thermonuclear explosion of a white dwarf (WD), a star that has burned up all
of its fuel leaving an iron core, near the Chandrashekar limit (Chandrasekhar,
1931). The other category are the core-collapse (CC SN) of massive stars that
have lost their hydrogen (SN Ib) and also helium (SN Ic) envelopes (see Figure
1.2 or Filippenko (1997) for a detailed review).
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Figure 1.2 Illustration showing the spectra of different types of supernova, with specific
elemental features highlighted. Only type Ia supernova are thought to be the result of a
thermonuclear explosion, while the other types are the result of the core-collapse of a massive
star. Image Credit: Dan Kasen
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Figure 1.3 Images of the Large Magellanic Cloud (LMC) at the location of SN 1987A. The
left-hand image is taken soon after the explosion of SN 1987A. The right-hand image is of an
earlier, pre-explosion image of the location of SN 1987A, with an arrow pointing to the star
the exploded. The progenitor of SN 1987A is believed to be a Blue Supergiant. Image Credit:
Australian Astronomical Observatory, photograph by David Malin.
1.1. Type Ia Supernova Cosmology
The brightness and apparent homogeneity of the first set of SN designated as
type I led to the suggestion for their use as cosmological probes (Wilson, 1939).
As more SN type I were discovered, Sandage (1961) proposed using the redshift-
magnitude diagram to discriminate between different cosmological models based
on constraining the luminosity-distance relation. Type I supernovae emerged as
a strong candidate to constrain q0, the deceleration parameter of the Universe,
due to their nature as “standard candles” (Rust, 1974; Wagoner, 1977; Colgate,
1979). The deceleration parameter, q0, is a dimensionless quantity defined as
q0 = −a¨(t0)a(t0)/a˙2(t0), (1.1)
where a is the scale factor and t0 the age of the Universe. Kowal (1968) first used
measurements of type I supernovae to measure H0, Hubble’s constant, the rate
of expansion of the Universe,
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Figure 1.4 Example image of the supernova image subtraction process, taken from the Equation
of State SupErNova trace Cosmic Expansion (ESSENCE) survey. The top row is for the R
filter and the bottom the I filter. The left figure is a template figure, the middle figure a later
image, and the right image is the subtraction of the two images, showing a new SN.
H0 = v/d, (1.2)
where v is the recession velocity of a galaxy at a distance, d. However due to
inefficiencies in both the photometric measurements of the SN and the distin-
guishing of the different supernova types, the individual SN measurements had
uncertainties of ≈ 30%.
The advent of large, charged-couple device (CCD) detectors gave birth to the
current era of precision supernova cosmology. CCD’s allowed the easy subtraction
of images, dramatically improving the ease of discovering new supernova (Figure
1.4). CCD’s also enabled the measurements of precise, multiple filter light-curves
of SN over long-periods (Figure 1.5). As part of a dedicated program to discover
SN Ia in the Hubble flow and follow them up with CCDs, the Calan/Tololo
Supernova Survey obtained data for a large set of SN Ia at z < 0.1 (Hamuy et al.,
1993, 1996a). This dataset indicated that SN Ia appeared to span a factor of ≈ 5
in intrinsic luminosity (Hamuy et al., 1994) — too large of a range for use as
standard candles.
However, the ground-breaking discovery by Phillips (1993), which has since
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Figure 1.5 R band image from the ESSENCE survey showing a SN in the subtraction images
over the course of a few months.
been confirmed by multiple studies (Hamuy et al., 1996b; Riess et al., 1996b;
Goldhaber et al., 2001; Prieto et al., 2006; Guy et al., 2007; Jha et al., 2007; Conley
et al., 2008), of the empirical relation of the light-curve width of a SN Ia to its
peak absolute magnitude, with a low scatter in the relation of ≈ 7%, not only
enabled SN Ia to be used as standard candles, but moved them into the forefront
of tools available to cosmologists to explore the Universe. This relation between
luminosity and light curve shape, coupled with their brilliant luminosity and
abundance at cosmological distances, has made SN Ia a very reliable method
for probing the high-z universe (Perlmutter et al., 1997; Schmidt et al., 1998;
Garnavich et al., 1998).
Their use led to the startling discovery and confirmation that the expansion of
the Universe is undergoing acceleration, which has been modeled by invoking a
negative-pressure fluid, w ∼ 1,
w = P/(ρc2), (1.3)
where P is the pressure, ρ the density, and c the speed of light. This fluid that
fills the Universe is called dark energy (Riess et al., 1998; Perlmutter et al., 1999;
Tonry et al., 2003; Barris et al., 2004; Riess et al., 2004). When added to the
6
Figure 1.6 Illustrated history of the Universe. The latest phase of the Universe is the accelerated
expansion of the Universe, caused by dark energy. Image Credit: NASA
Friedmann equation (Friedmann, 1922), it leads to an accelerated expansion of
the Cosmos,
h(a)2 = h20(
ΩM
a3
+
Ων
a4
+
Ωk
a2
+ Ω(3(1+w))
Λ
), (1.4)
where h is the Hubble parameter such that,
h(a) =
a˙
a2
, (1.5)
a is the scale factor, h0 is Hubble’s constant, ΩM is the total density of matter, Ων
the photon density, Ωk the curvature of the Universe, and ΩΛ the total density
of dark energy.
Currently, the focus of SN Ia cosmological searches has narrowed to constraining
the parameters of dark energy using SN Ia from the nearby through to distances
of z > 1 in the Universe (Astier et al., 2006; Riess et al., 2007; Wood-Vasey et al.,
2007; Frieman et al., 2008; Freedman et al., 2009; Kessler et al., 2009; Conley et al.,
2011).
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These investigations are trying to determine if dark energy behaves like the
cosmological constant, Λ (w = −1 for all epochs of the Universe), which was
originally proposed by Albert Einstein as the energy density of the vacuum
of space, or some more exotic form such as quintessence (Wang & Garnavich,
2001; Davis et al., 2007; Rubin et al., 2009; Sollerman et al., 2009), which is a
new form of energy in the Universe whose density and equation-of-state evolve
over time. Probing a wide-range of redshifts, these experiments have so far
measured w to be consistent with −1, the value expected from a Universe with a
cosmological constant. However, the precision of these experiments is limited to
a ≈ 10% measurement in w, which theorists argue is not yet accurate enough to
distinguish between the various models and Λ. The current precision limits are
not the result of the need to observe more distant supernovae, as was the case
for previous surveys, but rather because the experiments are now dominated
by systematic errors in our understanding of these objects and in their use in
measuring distances.
One of the largest sources of systematic error in SN Ia distance measurements
has been in the photometric calibration. The Supernova Legacy Survey (SNLS)
has undertaken an impressive effort into fine-tuning the photometric calibration
of their system, vastly reducing the systematic errors in SN Ia distance mea-
surements due to photometric uncertainties (Regnault et al., 2009; Betoule et al.,
2012). Wood-Vasey et al. (2007) determined that systematic uncertainties from the
photometry in the ESSENCE survey contribute a 4% error in the measurement
of the dark energy equation-of-state, w. Likewise, the 3-year cosmological results
from SNLS showed that photometric uncertainties were the largest sources of
systematic error in their experiment, and without these uncertainties, there
would be only a 2% systematic error in w (Sullivan et al., 2011).
The Sloan Digital Sky Survey (SDSS) Supernova Search investigated photometric
issues of their SN measurements, with specific attention to the various bandpasses.
Kessler et al. (2009) found that w was extremely sensitive to the calibration of
the u′ band at low-redshift, and distances derived with the u′ filter resulted in a
0.12 magnitude difference in the distance moduli, propagating through to a 0.3
change in w. This u′ filter band anomaly might arise from differences between
the spectral energy distribution (SED) of objects at low and high redshift (Foley
et al., 2012a; Maguire et al., 2012). Subsequently, the SDSS Supernova Search
did not use u′ band observations in their calculations of w (Kessler et al., 2009).
Ultra-violet (UV) measurements of the same nearby SN Ia from different tele-
scopes often exhibited differences that were inconsistent with the stated photo-
metric uncertainties (Krisciunas et al., 2013) — the result of errors in estimating
the total UV throughput. This can be due to uncertainty in estimating the
extinction correction, or from incomplete knowledge of the UV filter and atmo-
spheric transmission for the various nearby samples. Krisciunas et al. (2013)
indicated that careful modeling of the u′ filter throughput curve with appropri-
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ate S-corrections, corrections between a magnitudes in an observed filter to a
magnitude in a standard filter (Stritzinger et al., 2002), can resolve the differences
between SN Ia measurements.
Large, precision-calibrated nearby SN Ia samples (Hicken et al., 2009b; Folatelli
et al., 2010; Ganeshalingam et al., 2010; Hicken et al., 2012; Mosher et al., 2012;
Ofek et al., 2012), along with better calibration of high-redshift SN Ia surveys,
offer the best means to reducing the systematic uncertainty on the dark energy
equation-of-state, w. Wide-field surveys such as the SkyMapper (Keller et al.,
2007; Bessell et al., 2011) will obtain large amounts of nearby SN with precise
photometry. The Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS) (Tonry et al., 2012) will obtain SN Ia measurements over the
redshift range 0 < z < 0.8, reducing systematic uncertainties from photometry
by avoiding cross-telescope calibration errors. Following the example set by
the SDSS (Ivezić et al., 2007; Padmanabhan et al., 2008), current surveys have
undertaken ambitious calibration programs combining high-precision laboratory
measurements of throughput with atmospheric data and repeated observations
of stellar standards to obtain ≈ 1% photometry over much of the sky (Stubbs &
Tonry, 2006; Tucker et al., 2007; Regnault et al., 2009; Betoule et al., 2012; Schlafly
et al., 2012; Stubbs et al., 2010; Tonry et al., 2012).
An additional large sources of systematic error, as identified in Wood-Vasey et al.
(2007) is the treatment of extinction, the absorption and scattering of light by dust,
from the SN Ia color which propagates into the derived distance measurements.
Studies have shown that studying SN Ia in the near-Infrared (NIR), compared
to the optical, largely mitigates the effects of dust on SN Ia colors (Krisciunas
et al., 2001; Wood-Vasey et al., 2008; Mandel et al., 2009; Folatelli et al., 2010;
Mandel et al., 2011). SN Ia also appear to span a smaller range in NIR intrinsic
luminosity than in the optical (Krisciunas et al., 2004; Kasen, 2006). Since the
distance measurements derived from NIR measurements are less impacted by
host galaxy dust absorption, their use subsequently reduces the scatter in the
Hubble diagram. Freedman et al. (2009) presented the first NIR Hubble diagram
to z ≈ 0.7, however they were limited by the small sample size — namely
due to the difficulty in obtaining NIR observations of SN Ia at large distances
(z > 0.3). Barone-Nugent et al. (2012) showed that high-precision observations
of SN Ia with just a few data points in the NIR, specifically H-band, combined
with normal optical observations and follow-up can significantly improve SN
Ia distance measurements by exploiting the stated benefits above with-out the
difficulty of detailed SN Ia light-curves in the NIR.
1.2. Type Ia Supernova
Despite SN Ia’s important role in the Universe, a clear reconciliation of their basic
nature and progenitor systems is still missing (Hillebrandt & Niemeyer, 2000;
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Howell, 2011). While the identification of the progenitors of CC SN has benefited
from high-resolution imaging of nearby galaxies where a progenitor star can be
detected in pre-explosion images (see Figure 1.3 and Smartt (2009) for a detailed
review), attempts to do this for nearby SN Ia have been unsuccessful (Nelemans
et al., 2008; Voss & Nelemans, 2008; Li et al., 2011; Nugent et al., 2011) due to
the faint nature of the WD progenitors (Maoz & Mannucci, 2008). It is widely
thought that SN Ia are the thermonuclear ignition in the core of a carbon-oxygen
(CO) WD (Hoyle & Fowler, 1960), a white dwarf star that has shells of carbon
and oxygen, as it approaches the Chandrasekhar limit of 1.38M (Chandrasekhar,
1931) due to accretion from a close a binary companion. However, there still is a
fundamental uncertainty surrounding the accretion process that causes a SN Ia,
with three scenarios now having support by the community (an illustration of
two of the scenarios can be seen in Figure 1.7.
1.2.1. Progenitor Scenarios
The first model is the single-degenerate (SD) scenario where a non-degenerate
companion, such as a main sequence or red giant star, accretes matter on to
the WD (Whelan & Iben, 1973; Nomoto, 1982; Livio, 2000). The SD scenario
predicts that the donor star should be stripped while surviving the explosion,
leading to the possibility of its detection (Marietta et al., 2000; Canal et al., 2001).
However recent attempts to discover the donor star in SN Ia remnants have
proven inconclusive in the case of the Tycho remnant (Ruiz-Lapuente et al.,
2004; González Hernández et al., 2009; Kerzendorf et al., 2009), and outright
unsuccessful in the case of SN 1006 (Kerzendorf et al., 2012; González Hernández
et al., 2012) and the Large Magellanic Cloud (LMC) SN 0509-697 (Schaefer &
Pagnotta, 2012).
Recently, SN 2011fe exploded in M101, allowing multiple probes for the detection
of the progenitor system due to its proximity. Subsequent studies into this SN
have concluded that SD scenario is unlikely, but can not be conclusively ruled
out, to be the progenitor scenario which caused this particular SN Ia (Li et al.,
2011; Nugent et al., 2011; Bloom et al., 2012; Brown et al., 2012b; Chomiuk et al.,
2012; Horesh et al., 2012). Kasen (2010) predicts in the SD scenario, that there
should be detectable ultraviolet (UV) excess at early times due to the initial shock
of the explosion interacting with the donor star envelope, however extensive
searching has yielded no evidence for this (Hayden et al., 2010a; Ganeshalingam
et al., 2011; Bianco et al., 2011; Tucker, 2011; Brown et al., 2012a).
Patat et al. (2007a) suggested that variable sodium absorption, Na I, in SN Ia
spectra is the result of circumstellar interaction of the white dwarf accreting
material from a red giant, while Sternberg et al. (2011) has found a similar result
but for systematically blue-shifted absorption. These features have been seen in
multiple SN Ia’s, suggesting at least a few SN Ia are from SD explosions (Patat
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Figure 1.7 Illustration of the two main scenarios believed to cause a SN Ia — the Single
Degenerate (SD) and Double Degenerate (DD) scenarios. The SD scenario is when a non-
degenerate companion, such as a red giant (a) or main sequence star (b), accretes matter
on to the WD. The DD scenario is the coalescing of two WDs (c). A third scenario, the
“sub-Chandra” scenario, is not shown here. Image credit ESO/STSCI/NASA/T. Strohmayer
(GSFC)/D. Berry (ChandraX-Ray Observatory.)
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et al., 2009; Simon et al., 2009; Patat et al., 2011). Foley et al. (2012b) found
that SN Ia with blue-shifted Na I absorption systematically have higher ejecta
velocities and redder colors at maximum, providing a link between the SN Ia
progenitor systems and properties of the SN. Dilday et al. (2012) argue that a
recent SN Ia that shows signs of multiple shells of circumstellar material is due
to a symbiotic nova, a slow irregular eruptive star, which would be the first clear
evidence of a SD companion.
The second model is the double-degenerate (DD) scenario in which two WD
coalesce together, surpassing the Chandrasekhar limit (Iben & Tutukov, 1984;
Webbink, 1984). Howell et al. (2006) and Hicken et al. (2007) both argue cases of
observational detections of SN Ia that may be the result of the DD scenario due in
part to the strong signatures of carbon and abnormal silicon II velocities, but both
studies determined the total mass of the SN Ia exceeded the Chandrasekhar limit.
However, these objects have very low Si II velocities while have an extremely
high luminosity (Silverman et al., 2011a), and might be super-Chandrasekhar
SN Ia. Despite these two cases, it is debated whether this channel represents the
typical population of SN Ia. Pakmor et al. (2012) have investigated this scenario
numerically and suggest that it is a possible route for typical SN Ia explosions -
although some of their assumptions are challenged by Rosswog et al. (2009).
More recently, a third model, the “sub-Chandra” scenario, originally proposed
as a helium detonation in a sub-Chandrasekhar mass WD He core (Livne &
Arnett, 1995), has re-gained momentum in the community. This scenario now
is modelled to involve either the explosion of a sub-Chandrasekhar mass CO
WD with accretion from a helium-rich companion (Sim et al., 2010; Ruiter et al.,
2011) or the merging of two WDs that had main sequence masses less than 3 M
(van Kerkwijk et al., 2010). This scenario has been proposed to explain both
normal and atypical SN Ia events and, due to their long delay-time, would help
reconcile predicted SN Ia rates with those observed (Maoz & Mannucci, 2011).
1.2.2. Observational Sub-Classes
While there are multiple theoretical models for a SN Ia, there have also been
multiple observational types of SN Ia, each with distinct features, different to
that of a “normal” SN Ia. In 1991, two SN Ia exploded that were very different
from each other and the normal population of SN Ia, becoming the first accepted
set of peculiar SN Ia’s. SN 1991T and was found to be very bright compared to a
normal SN Ia while exhibiting spectral and light-curve peculiarities (Phillips et al.,
1992; Filippenko et al., 1992a). Shortly thereafter, SN 1991bg was discovered
and found to be an unusually faint SN Ia while also exhibiting spectra and
light-curve different from that of normal SN Ia and SN 1991T (Filippenko et al.,
1992b; Leibundgut et al., 1993). Since then, multiple SN Ia have been found to
both match the extreme brightness of SN 1991T — such as SN 1999aa (Garavini
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Figure 1.8 Plot of a few of the SN Ia observational sub-classes. The normal SN Ia light-curve
template (Leibundgut, 1989) is plotted as a sold black line, with a standard faint SN Ia as
a dashed blue line. The bright sub-class of SN 1991T and faint sub-class of SN 1991bg are
plotted in green and red respectively. The top panel is the observed-frame R band light-curve
while the bottom panel shows the observed-frame R-I color.
et al., 2004), and as faint as SN 1991bg — such as SN 1992K (Hamuy et al., 1994)
and SN 1999by (Garnavich et al., 2004) These additional SN Ia discoveries have
led to 91T becoming a class of bright SN Ia while 91bg represents a class of faint
SN Ia. Figure 1.8 shows the light-curves and colors of both SN 1991T and SN
1991bg compared to two more normal SN Ia.
With the increase in surveys searching for SN, specifically SN Ia, the finding of
rare and different SN Ia has also increased. SN 2000cx (Li et al., 2001) has been
one such SN Ia that so far has had no other objects similar to it. SN 2000cx has a
rise in its light-curve similar to a normal SN Ia, but slow decline of its light-curve
as is seen in SN 1991T SN Ia. However, the spectrum before maximum (when
the light-curve is dissimilar to SN 1991T) is very similar to SN 1991T while its
spectra after maximum its very different to SN 1991T. Further studies into this
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object have shown it to be a unique object, not matching any other sub-class of
SN Ia (Patat et al., 2007b).
The discovery of SN 2002cx appeared to be at first another faint SN Ia that fit
into the 91bg class. However, it quickly emerged that SN 2002cx was significantly
different to previous SN 1991bg-like SN Ia. While the light-curve of SN 2002cx
was similar to that of SN 1991bg, its spectra were very different, with multiple
spectral lines that are typically present in SN Ia spectra being absent, while other
lines not normally seen being found (Li et al., 2003; Branch et al., 2004; Jha et al.,
2006a). The discovery of other SN Ia that matched similar characteristics to SN
2002cx, namely their faint nature and exotic spectral features such as SN 2008ha
(Foley et al., 2009a), have lead to the emergence of the 02cx class of objects.
Further investigations have revealed that there are currently 25 members in this
02cx class (Foley et al., 2012c).
More recently, a new class of SN Ia have emerged, “super-Chandra” SN - SN
Ia which appear to have a progenitor whose mass exceeds the Chandrasekhar
limit of 1.38 M. Super-Chandra SN are characterized by their bright luminosity,
brighter than SN 1991T, however their light-curve is wider than that of SN 1991T.
The first two cases of possible “super-Chandra” progenitors were of the two
luminous SN Ia — SN 2003fg (Howell et al., 2006) and SN 2006gz Hicken et al.
(2007). Since then, more SN Ia such as SN 2007if (Scalzo et al., 2010) and SN
2009dc (Yamanaka et al., 2009; Silverman et al., 2011b; Taubenberger et al., 2011)
have given support to this scenario.
Further studying of these “super-Chandra” objects suggest that they are very
closely related to SN 1991T. Instead of two distinct sub-classes, it might be that
they form a continuum of objects (Scalzo et al., 2012). Additionally, studies of
other SN Ia, such as SN 2012fr (Figure 1.10) give further evidence that the overall
of population of SN Ia may not consist of separate classes but rather of a large
continuum of objects, connecting all the apparent SN Ia sub-classes (Childress
et al., 2013).
1.3. Type Ia Supernova Host Galaxies
Studying the environments of SN Ia is another way to understand the progenitors,
and has the ability to help constrain systematic errors in distance measurements
(see §1.1). Early studies found that SN Ia are more commonly associated with
younger stellar populations in star-forming galaxies, as is seen with core-collapse
SN (Oemler & Tinsley, 1979) and that SN Ia in star-forming galaxies occur more
in the disks of the galaxies rather than in the bulges (central cores of galaxies)
(Wang et al., 1997). However, McMillan & Ciardullo (1996) observed that SN
Ia also readily occur far way from the spiral arms of star-forming galaxies, and
in galaxies with low star-formation rates (SFR). This observation would require
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Figure 1.9 Color image of a SN Ia host galaxy, NGC 4526. The bright object is SN 1994D.
Image Credit: Peter Challis, The High-Z Supernova Search Team, NASA/ESA.
a delay between the formation of the progenitor system and the subsequent
explosion as a SN to allow for the progenitor system to disperse away from the
spiral arms.
1.3.1. Populations
Hamuy et al. (1995, 1996b), using the Calán/Tololo SN Ia search (redshift
z < 0.1), were the first to report that the SN peak luminosity and light-curve
shape correlate with the host-galaxy type. The faint, rapidly declining SN Ia
tend to occur preferentially in early-type galaxies having low SFRs, while the
bright, slowly declining SN prefer late-type galaxies having high SFRs. Williams
et al. (2003) found nothing conclusive with a limited sample of high-redshift
SN Ia. More recent studies having larger samples of nearby SN (Neill et al., 2009)
and high-redshift SN (Sullivan et al., 2006) identified trends similar to those of
Hamuy et al. (1996b), suggesting that there are two populations of SN Ia: one
having a prompt delay time (the time between formation of the progenitor binary
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system and the SN explosion; Madau et al. 1998) and the other a long (1–10Gyr)
delay time. Mannucci (2005) and Scannapieco & Bildsten (2005) suggested that
the delay time can be described as a combination of two discrete categories of
SN Ia — a “prompt” component related to recent star formation in the host
galaxy and a “delayed” component reliant on low-mass stars. Previous studies
have tried to measure the “delay time” and yield a wide variation: ∼ 3–4Gyr
(Strolger et al., 2010), ∼ 2–4Gyr (Strolger et al., 2004, 2005), > 2Gyr (Gal-Yam
& Maoz, 2004), < 2Gyr (Maoz & Gal-Yam, 2004), and ∼ 1Gyr (Barris & Tonry,
2006).
Using spectra of host galaxies of nearby SN Ia, Gallagher et al. (2005) determined
that faint, rapidly declining SN Ia are found only in environments lacking
significant star-formation activity. In a follow-up study, Gallagher et al. (2008)
examined early-type galaxies that had been classified by their morphology and
color, finding evidence for weak star formation in many of their spectra. They
showed that the hosts having signs of ongoing star formation produced the
most-luminous SN Ia in the sample.
1.3.2. Host Galaxies and Hubble Residuals
In additional to host galaxies being a great source to learn the nature of the pro-
genitors of SN Ia, they are also a great resource for helping in the measurements
of SN Ia distances and subsequent cosmological measurements. Gallagher et al.
(2008) found evidence for a correlation between host metallicity and Hubble
residuals, the deviation from a supernova’s distance from the best-fit cosmology
distance.
Hubble Residual = µSNIa − µz (1.6)
If the Hubble residual is negative, then it means the SN Ia is brighter than
expected, and therefore is further away than calculated from SN light-curve
estimates. Likewise, a positive Hubble residual means the SN Ia is fainter than
expected, and therefore is closer. Photometric studies of low- and high-redshift
SN Ia host galaxies (Kelly et al., 2010; Lampeitl et al., 2010; Sullivan et al., 2010)
found that the luminosity of SN Ia, corrected for light-curve shape, depends
on the host-galaxy stellar mass, with more massive galaxies hosting brighter
SN. Corrections for this effect can significantly reduce the scatter in the SN Ia
Hubble diagram, and therefore reduce uncertainties in the measurement of the
cosmological equation-of-state parameter, w (see Eq. 1.3) (Sullivan et al., 2011).
Gupta et al. (2011) using the Sloan Digital Sky Survey (SDSS) II SN search found
a similar correlation with the Hubble residual and host galaxy mass-weighted
average age and D’Andrea et al. (2011) also using SDSS-II star-forming hosts
found the same correlation with metallicity. Foley (2012) found a correlation
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Figure 1.10 Color image of a SN Ia host galaxy, NGC 1365. The bright object just below the
galaxy nucleus is SN 2012fr. Image Credit: Brad Tucker, Emma Kirby, Carlos Contreras, The
Carnegie Supernova Project.
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between the SN Ia ejection velocity and host mass, and also between the ejecta
velocity and SN Ia progenitor and environment (Foley et al., 2012b). As galaxy
mass, age, star-formation rate, and metallicity are correlated, the true source of
this effect has not yet been securely identified.
1.4. Thesis Plan
This thesis focuses on improving our understanding of type Ia supernova and
their use in Cosmology through four facets:
• Trying to understand and find signatures of the progenitors of SN Ia in
their light-curves.
• Studying the environments in which SN Ia occur to better understand how
these objects are formed and explode.
• Analyzing the host galaxies of SN Ia to improve our distance estimates
from SN Ia light-curve fitting.
• Improve the precision of SN Ia photometry to get better constraints on the
dark energy equation-of-state, w.
In Chapter 3 we examine the light-curves of SN Ia in the ESSENCE survey to
look for signs of the progenitor systems. We combine the ESSENCE SN Ia with
previously published SN Ia from other surveys to obtain a statistically-significant
sample of SN Ia, looking for signs of shock breakout after the explosion of the
SN Ia. We present the findings of this study and discuss our results with respect
to the greater context of SN Ia progenitor models and physics.
We explore the nature of SN Ia host galaxies in Chapter 4, using the ESSENCE
survey. A new method for determining the SED of a SN Ia host galaxy and
rest-frame magnitudes while using empirical relations to derive galaxy properties
is presented. We describe in detail our testing of this new method and show
how it performs. We analyze the SN Ia host galaxies with respect to a variety of
galaxy properties, SN Ia properties, and cosmological measurements to look for
trends and biases.
Chapter 2 describes our efforts to improve the photometric calibration of the
ESSENCE survey with the aim to improve SN Ia distance and dark energy
equation-of-state measurements. We describe our improvements to the flat-
fielding procedure of the images through our illumination correction routine.
We also discuss our improvements for aperture corrections of the SN photometry.
Finally, we show a few examples of our improved light-curves, and compare
them to those previously published in Wood-Vasey et al. (2007).
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A final summary of our findings in addition to a discussion about plans for
increasing our understanding of SN Ia and their use in cosmology in future work
can be found in Chapter 5. In Appendix A, we list our calculated extinction
values for a range of filters. In Appendix B we present the templates that we
use in our SED fitting procedure in Chapter 4, from the UV through Radio
wavelengths. Appendix C shows a full set of fits used to verify our SED fitter.
Appendix D contains our full data tables from the host galaxies properties we
measured in Chapter 4.
Chapters 3 and 4 will soon be submitted to the Astrophysical Journal. Chapter
2 is part of a paper to be submitted as Narayan et al. (2013). Bibliographic
(including author) information can be found at the beginning of each chapter. In
accordance with the journal style, each chapter contains an abstract, introduction,
and conclusion. However, the bibliographies for each chapter have been collated
at the end of this thesis to avoid duplication.
19

CHAPTER 2
Obtaining Precision Photometry in
the ESSENCE Project
To be published in an abbreviated version as part of G. S. Narayan, A. Rest, B. E. Tucker
et. al, 2013, ApJ (in preparation)
He who does not expect will not find out the unexpected, for it
is trackless and unexplored.
— Heraclitus1
Abstract
The Equation of State SupErNova trace Cosmic Expansion (ESSENCE) discovered
228 Type Ia Supernovae (SN Ia) in the redshift range 0.2 < z < 0.8. We discuss two
improvements in the photometric calibration of the SN Ia photometry to reduce
the systematic errors in distance measurements. We implement a procedure to
produce a photometrically flat image with < 1% illumination gradient across the
images. We also detail our automated procedure for correctly measuring the
flux of the SN Ia in a given aperture. These two improvements helped produce
SN Ia photometry with ≈ 1% accuracy. We compare our SN Ia photometry and
light-curves to that of Wood-Vasey et al. (2007) illustrating the full extent of our
improvements.
1Fragment 7
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2.1. Introduction
The discovery by the High-z Supernova Team and Supernova Cosmology Project
that the universe is undergoing an accelerated expansion (Riess et al., 1998;
Perlmutter et al., 1999) started a new era of cosmological studies. Type Ia
supernova (SN Ia) became the tools of choice for probing the high-z universe
(Perlmutter et al., 1997; Schmidt et al., 1998; Garnavich et al., 1998) due to
the empirical relation of the light-curve width of a SN Ia to its peak absolute
magnitude (Phillips, 1993; Hamuy et al., 1996b; Riess et al., 1996b; Goldhaber
et al., 2001; Prieto et al., 2006; Guy et al., 2007; Jha et al., 2007; Conley et al., 2008)
and their high peak luminosities (≈ 4 × 109L) which make them visible across a
wide range of distances in the Universe.
With the advent of wide-field charged-couple devices (CCD)’s, extensive effort
has been invested into finding large numbers of these objects across the Universe
with the goal to better illuminate the nature of the accelerated expansion of the
Universe - most commonly attributed to a negative-pressure fluid, called dark
energy (Turner, 1999). Consequently, SN Ia cosmological searches have been
undertaken to constrain the parameters of dark energy, such as the Equation
of State SupErNova trace Cosmic Expansion (ESSENCE) (Miknaitis et al., 2007;
Wood-Vasey et al., 2007; Davis et al., 2007; Narayan et al., 2013) and the Supernova
Legacy Survey (SNLS) (Astier et al., 2006; Conley et al., 2011; Sullivan et al., 2011)
which have focused on finding medium to high redshift SN Ia (0.2 < z < 0.8 and
0.2 < z < 1.0 respectively), the Sloan Digital Sky Survey - II (SDSS) Supernova
Search (Frieman et al., 2008; Kessler et al., 2009) which focused on low to medium
redshift SN Ia (0.1 < z < 0.3), and the Higher-z Supernova Search (Riess et al.,
2007) which sought to find very high-redshift SN Ia (0.9 < z < 1.5). These surveys
have focused specifically on constraining the ratio of pressure to density - the
equation-of-state of dark energy, w,
w = P/(ρc2), (2.1)
where P is the pressure, ρ the density, and c the speed of light.
These experiments so far have measured w to be consistent with −1, the value
expected from a Universe with a cosmological constant, Λ, which is the energy
expected from the vacuum density of the Universe as predicted by Albert Einstein.
However, the precision of these measurements is only accurate to w = −1 ± .1,
therefore allowing a significant unexplored phase space for more exotic forms of
dark energy, such as quintessence or phantom dark energy, which are not forever
constant like Λ but rather vary with time (Wang & Garnavich, 2001; Davis et al.,
2007; Rubin et al., 2009; Sollerman et al., 2009). The quest to better constrain w
and discover the true nature of dark energy requires more precise SN Ia distance
measurements, as the current uncertainty in w is primarily due to systematic
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errors in our understanding of these objects and subsequent measurements
derived from them using the luminosity distance. The Luminosity distance, DL,
for a flat Universe containing pressure-less matter and dark energy is given by
the expression,
DL =
c(1 + z)
H0
∫ z
0
1√
(1 −ΩM)(1 + z′)3(1+w) + ΩM(1 + z′)3
dz
′
, (2.2)
where c is the speed of light, z the redshift of the SN Ia, H0 is Hubble’s constant,
ΩM the pressure-less matter density relative to the critical density, and w the
equation-of-state of dark energy.
In the first analysis of the ESSENCE survey, Wood-Vasey et al. (2007) identified
that one of the largest systematic uncertainties in the experiment stemmed from
the photometry in the ESSENCE survey, which contributed a 4% error in the
measurement of the dark energy equation-of-state, w. More recently, the SNLS
3-year cosmological analysis examined all possible sources and which of these
were the largest sources of systematic error in the determination of w. They
concluded that the photometric uncertainties were the largest, and removing
these issues would reduce the systematic error in w to only 2% (Sullivan et al.,
2011). As a result, SNLS has undertaken an impressive effort to obtain a more
precise calibration of their photometric system (Regnault et al., 2009; Betoule
et al., 2012).
Other surveys, such as SDSS-II, have also investigated photometric issues in their
SN measurements. Kessler et al. (2009) found that w was extremely sensitive to
the calibration of the u′ band at low-redshift and subsequent distances derived
resulted in a 0.3 change in w for a reasonable change of the u-band calibration,
causing them to not use u′ band observations in their calculations of w. However,
Krisciunas et al. (2013) indicated that these issues could be solved through careful
modeling of the u′ filter transmission curve along with appropriate S-corrections
(Stritzinger et al., 2002).
In this chapter, we describe our methods of improving the photometric calibration
of ESSENCE SN Ia with the aim of reducing the largest errors in the photometry
and subsequently the distance measurements. §2.2 provides an overview to the
ESSENCE survey and the photometric reduction process. In §2.3 we describe our
method for reducing the illumination of the images, producing a photometrically
flat image. Next in §2.4 we detail how we improved and implemented a strategy
for correctly measuring the photometry of the SN Ia through a given aperture.
Finally, §2.5 shows the results of our photometric efforts, with a few example
light-curves and how they compare to the prior reduction process in Wood-Vasey
et al. (2007).
23
2.2. The ESSENCE Survey
The details of the ESSENCE project are described in detail in (Miknaitis et al.,
2007; Narayan et al., 2013) however we provide a brief overview. ESSENCE was
a 6 year National Optical Astronomy Observatory (NOAO) survey program with
the primary goal of measuring the dark energy equation of state parameter,
w = P/(ρc2) (Krisciunas et al., 2005; Davis et al., 2007; Wood-Vasey et al., 2007;
Narayan et al., 2013). ESSENCE discovered and followed-up 368 transient objects,
spectroscopically confirming 228 as SN Ia at a variety of redshifts (0.2 < z < 0.8).
The ESSENCE project was carried out on 197 half-nights in dark and grey time
using the MOSAIC II CCD array at the 4-m Blanco Telescope at the Cerro Tololo
Inter-American Observatory (CTIO) near La Serena, Chile. The MOSAIC II CCD
array comprises of eight individual 2Kx4K CCD’s covering 0.36 square degrees
with a pixel scale of 0.27′′/pixel. The average seeing in R and I was 1.24′′ and
1.20′′. Figure 2.1 shows the full distribution of the full-width half-maximum
(FWHM) of the ESSENCE images.
ESSENCE took repeated images in broad-band Johnson-Cousin Vega R and I
filters (see Figure 2.2) in four, two square-degree fields (Table 2.1). These fields
were chosen to lie near the celestial equator, have low Milky Way extinction,
and overlap with the Sloan Digital Sky Survey (SDSS). The fields are spaced to
ensure that science images could be taken at low airmass during the observing
season. The fields were also divided into two sets with each set being imaged in
both filters every other observing night resulting in a typical cadence of 4 days.
Supplemental imaging in Johnson-Cousin Vega BV and SDSS AB z′ was also
obtained for the purposes of host galaxy analysis.
Table 2.1 ESSENCE Fields Centers
Field Right Ascension (J2000) Declination
waa 23:27:27 −09:51:00
wbb 01:12:00 −00:20:17
wcc 02:07:41 −04:55:00
wdd 02:28:36 −08:24:17
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Figure 2.1 Full-Width Half-Maximum (FWHM) distribution of ESSENCE R and I science images
from six years of the survey. The mean FWHM is 1.24′′ and 1.2′′ for R and I, respectively.
Survey images were reduced using a pipeline developed for use on the CTIO
4m by the Super MAssive Compact Halo Object (SuperMACHO) survey (Rest
et al., 2005) which operated concurrently with the ESSENCE survey. Each science
image was subtracted from a reference template for the field, constructed using
deep images from previous observations. PSF photometry from the resulting
difference image was combined to identify sources that had varied over multiple
epochs. Potential candidates were checked for variability in previous survey
years where possible, and against lists of known variable stars and Active Galactic
Nuclei (AGN)’s. We further required that the candidate had the same PSF as stars
in the un-subtracted image and rejected objects with significant numbers of pixels
containing negative flux to prevent spurious detections caused by subtraction
artifacts. We did not select targets that were within 1 pixel of the centroid of a
galaxy in the reference image as these are usually due to AGN, although this
will lead to some SN being missed. All candidates were visually inspected to
select targets for spectroscopic follow-up. Preliminary light-curves allowed us to
reject objects with the a light-curve shape and color which was not consistent
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Figure 2.2 Transmission curves for the ESSENCE R and I passbands, representing the full sys-
tem throughput including the wavelength dependence of CCD quantum efficiency, aluminum
reflectance of the mirrors in the telescope, the optical filters, and a model of the atmosphere.
with a SN Ia.
Details of our spectroscopic campaign can be found in Matheson et al. (2005),
Foley et al. (2009b), and Matheson et al. 2013 (in prep), however we provide
a brief summary. We obtained spectroscopic follow-up of targets to confirm
the SN type and obtain a redshift, using a range of ground based telescopes
including Gemini, Magellan, the Very Large Telescopes (VLT), and the W. M.
Keck telescopes. Spectra were processed and extracted using standard Image
Reduction Analysis Facility (IRAF)2 routines. VLT spectra were extracted using a
novel two-channel Richardson-Lucy restoration algorithm developed by Blondin
et al. (2005) to minimize galaxy contamination in the target spectra. Spectra
were wavelength calibrated using calibration-lamp spectra (usually HeNeAr).
Spectra were flux calibrated using a suite of IRAF and Interactive Data Language
(IDL) procedures, including the removal of telluric lines using the well-exposed
2IRAF is distributed by the National Optical Astronomy Observatory, which is operated by
the Association of Universities for Research in Astronomy (AURA) under cooperative agreement
with the NSF.
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continua of spectrophotometric standards.
2.3. Illumination Correction
A CCD array is not uniform - there are variations in the quantum efficiency across
the array which are dependent on color, the CCD coatings, effects of external
elements such as dust on the optical system which tend to give large scale
gradients in throughput across the array, and geometric distortions, which can
be calculated based on the Jacobian of the WCS transformation. These problems
and subsequent varying array sensitivity can be corrected by multiplying the
image by a calibration frame, the flat-field frame (FFF). The perfect FFF would be
obtained by exposing the system to infinity with a source of the same spectrum
of the object of interest. However since this is not possible in practice, the
most common FFF is an image taken of a homogeneous, flat-white source, to
determine a flat-field solution for objects with a neutral spectrum. In practice,
these are taken with an exposure time long enough to avoid shutter residuals
and provide a high signal-to-noise ratio (S/N). Since all of these criteria cannot
be met by a single type of FFF, there are three types of images that can be
combined to create the FFF that we explored for the ESSENCE survey — dome
flat-field frames, twilight flat-field frames, and sky flat-field frames.
Dome flat-field frames (DFFF) are created by illuminating a white screen inside
the telescope dome. DFFF yield very high S/N and the exposures are sufficiently
long to avoid shutter patterns. As the images are taken on a flat-screen and not
the sky, there is no contamination by stars or other objects. However, systematic
errors exist due to the inhomogeneous illumination of the screen as the screen
is not at infinity so the illumination of the optics of the telescope is differently
than astronomical objects, and there are substantial differences in color between
the night sky, source of interest, and the dome screen illumination.
Twilight flat-field frames (TFFF) are done by imaging a part of the sky at dusk
or dawn at a point to minimize the gradient over the span of the detector —
in practice there is always a residual gradient for wide field CCD’s like the
MOSAIC-II used by ESSENCE. As with the DFFF, the spectrum of the sky
in twilight (that of a G type star modified by scattering) does not necessarily
match the spectrum of the sky at night and/or the source being observed.
Twilight sky is also highly polarized, which has the potential to interact with
the optical system differently than with the typical, unpolarized light usually
observed. Aside from the technical issues stated above, there is a limited amount
of time available in twilight where the sky is at a sufficient level whereas to not
under- or over-expose the CCD to obtain an appropriate FFF. Therefore, TFFF
are problematic for ESSENCE, because many nights do not achieve a sufficient
number of exposures in each filter to serve as an adequate FFF.
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Sky flat-field frames (SFFF) are accomplished by median combining science
frames taken throughout a night (or series of nights). The main advantage that
this method has over the DFFF or TFFF is that the FFF is created using the exact
same conditions as the images to be calibrated. However, the average background
sky level has a much lower S/N than with the DFFF or TFFF. Additionally, the
SFFF will have a low level of contamination from stars or galaxies in the image,
ultimately limiting the accuracy of this FFF over small scales, especially when
the science images have few sky pixels due to high stellar density or, for very
deep images, galaxy density.
We use a combination of DFFF and SFFF to create our FFF. The bases for our
illumination corrections comes from the photometric pipeline designed for the
SuperMacho project (Rest et al., 2005). We first median combine our DFFFs
to create a master DFFF for each night and each filter for which we desire to
correct the pixel-to-pixel variations. By doing this however, large-scale variations
are introduced as a result of uneven illumination of the dome screen. This
may be suitable for some projects, but not for our project as it will introduce a
substantial systematic offset in our photometry as a function of position in the
focal plane. We apply the nightly master DFFF to the science images, eliminating
the pixel-to-pixel variations. The master DFFFs are likewise applied to the SFFF
for the respective night and filter.
We create a mask for each image to eliminate three main contaminating sources.
The MOSAIC II has 8 CCD’s which are read-out through 16 amplifiers, sometimes
resulting in cross-talk - where bright objects are mirrored in the opposing
amplifiers at a much lower amplitude during the read-out. We mask out the
bright stars, cross-talk artifacts, and any residual artifacts such as satellite trails
so they do not propagate through the FFF process. Masks are also created to
eliminate bad pixels and columns present on the CCD’s.
After the masks have been applied, the resulting images are scaled to have the
same average sky value. The images are then combined into nightly averages,
and normalized so the average pixel value is 1. We then take the multiplicative
inverse of the image.
The SFFFs are then smoothed with a kernel larger than the typical small scale
structure of the FFF so as to determine the large-scale variation structure present
in the image. We label this variation as our illumination correction (I),
I = SmoothK
(
Σ SFFF
Σ DFFF
)−1
, (2.3)
where K represents the kernel size used in the final smoothing step and DFFF
and SFFF are the normalized dome and sky flat-field frames, respectively. This
illumination correction is applied to the DFFFs to take out residual large scale
gradients.
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We then construct a master illumination-corrected flat-field frame (IFFF), which
we use to flatten all the science images from the night,
IFFF(t) = DFFF(t) × I(t). (2.4)
We found that within a given run (we designated a run as a period of time,
typically a week, where the same instrument is continuously on the telescope
with similar moon conditions), the gradient pattern is very stable (Fig. 2.3). None-
the-less, we estimate the night-to-night stability of the illumination correction to
help determine those nights which may not have a quality illumination correction.
Nights which do not have a satisfactory IFFF are usually the consequence of
having too few science images of sparse fields or having excess stray light from
the moon. To qualify if a night has a satisfactory IFFF, we take the ratio between
two nights,
t1
t2
=
IFFF(t1)
IFFF(t2)
, (2.5)
where IFFF(t1) and IFFF(t2) are the illumination-corrected flat-field frames from
two nights in the same run. We calculate the standard deviation of Eq. 2.5
and the absolute value of the maximum difference between Eq. 2.5 and the
average of Eq. 2.5. In order for the two nights to be acceptable, we require that
the standard deviation of the ratio without sigma-clipping is < 0.001 and the
absolute value of the maximum difference between the ratio and the average of
the ratio image is < 0.003.
For those nights where we can not calculate an IFFF or the IFFF is not dependable
as determined above, we estimate the illumination correction from nearby nights
using the following procedure. We take the IFFF from the closest night which is
acceptable, t1 and multiply it by the ratio of the DFFF from the good night to
the DFFF from the night needing an IFFF, t2,
Iest(t2) = SmoothK
(
DFFF(t1)
DFFF(t2)
)
× I(t1). (2.6)
Our procedure avoids issues that surveys which use master flats are vulnerable to,
such as long period variations in amplifier gain. Our procedure avoids such effects
by normalizing the science frames with nightly FFF while using illumination
corrections determined from the same or nearby nights. Subsequently, we are
able to obtain images that subject to our procedure, provide photometry at the
1 − 2% level.
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Figure 2.3 An example R band illumination correction for one amplifier in a MOSAIC II
ESSENCE image. The primary structure in the illumination correction is a ≈ 1% gradient
from top- left to bottom-right.
2.4. Aperture Correction
Stellar photometry is traditionally done by using synthetic apertures to measure
the brightness of an object. The brightness is measured by adding up the
observed flux of all the pixels in a given radius and subtracting the expected
contribution from the background sky in the given radius. In order for this
method to be accurate, there must be no other astronomical sources in the radius
(aperture), and the radius must be large enough such that the seeing and focus
do not change the proportionate amount of stellar flux measured in the aperture
radius.
Da Costa et al. (1982), Stetson et al. (1985), and Howell (1989) first discussed
the problems associated with the underlying assumptions needed to correctly
perform photometry on a stellar object. A larger aperture will undoubtedly
contain more stellar flux than a smaller aperture. However, as the aperture size
is increased, the rate of increase of the total stellar flux decreases as the wings
of the stellar point-spread function (PSF) asymptotically grow to infinity. At
the same time, the background sky and noise increases as the aperture size is
increased, meaning the ratio of stellar flux to background sky is different for
each aperture. Additionally, there are random errors in the process such as
those due to the flat-field and Poisson noise, which increase as the aperture
radius is increased. Lastly, as the aperture size is increased, potential sources of
contamination also increase.
Taking into account all the problems associated with aperture photometry, the
most appropriate aperture size must be determined, which usually is an interme-
diate size aperture. The smaller apertures have higher ratios of stellar flux with
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respect to sky background, but these apertures are usually not large enough
to measure all of the flux of the object and do not contain enough stellar flux
unaffected by the PSF or seeing variations. The largest apertures on the other
hand, have more background sky flux which amplifies systematics due to poor
flat-fielding and incorrect background determination. As a result, a growth
curve must be constructed to find the optimal aperture size and determine the
correction needed to correct the detailed problems above.
Stetson (1990) was one of the first to develop an automated method of determining
a growth curve for stellar photometry. The method of Stetson (1990) used as
many stars as possible and used several concentric apertures of increasing radius.
A custom code using the principles of Stetson (1990) to determine the aperture
corrections for SN Ia in the ESSENCE for images was used by Miknaitis et al.
(2007) and Wood-Vasey et al. (2007). However there were several issues in
the algorithm, resulting in erroneous values for the aperture correction, which
consequently propagated through to the final photometry measurements of the
supernova and distance measurements.
Figures 2.4, 2.5, 2.6, and 2.7 are examples of aperture correction growth curves
from the code described in Miknaitis et al. (2007) and Wood-Vasey et al. (2007). In
the figures, the smallest point is the difference between the DoPHOT (Schechter
et al., 1993) magnitude of the object and an aperture of magnitude of 7 pixels,
while the largest is the difference using an aperture of 25 pixels. The clear triangles
are the average difference of all the individual stars, which are displayed as
clear circles. No magnitude or S/N restrictions were placed on the selection
of stars. Figure 2.4 shows that the lack of sigma-clipping of bright and faint
stars biases the average growth curve. Figure 2.5 shows how poor aperture
photometry implemented in Miknaitis et al. (2007) and Wood-Vasey et al. (2007)
resulted in bad growth curves. Figure 2.6 shows how sigma-clipping objects
based on variable magnitude differences between apertures would improve the
measurement, as only two stars perform poorly. Finally, Figure 2.7 is an example
where although the growth curve behaves as expected, a large scatter in the
individual star measurements exists, illustrating an issue with the of choice of
stars and the aperture photometry.
In order to address the problems present in Figures 2.4, 2.5, 2.6, and 2.7, we
significantly refined the algorithm used to calculate aperture corrections and
generate growth curves for the SN Ia in the ESSENCE survey. We first identify
several isolated objects, those objects with no other objects within 30 pixels which
also had a S/N >20. We also made sure that the objects had a PSF consistent
with a point-source, and were present in the majority of images throughout
all the six years of data for that specific field. As a result of these restrictions,
we ended up with on average 30 objects per image, with no image having less
than 20 objects. This process eliminated the contamination problems of both
non-stellar objects, and bleeding from nearby sources into the large apertures
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Figure 2.4 Example of a growth curve from Miknaitis et al. (2007) and Wood-Vasey et al. (2007).
Here the smallest point is the difference between the DoPHOT magnitude of the object and
an aperture of magnitude of 7 pixels, while the largest is the difference of a 25 pixel aperture.
The clear triangles are the average difference of all the stars used for each pixel value and the
circles are the individual stars. The solid line represents a zero difference where the aperture
correction levels off, whereas the dashed line is the measured leveling off of the aperture
correction.
present in Miknaitis et al. (2007) and Wood-Vasey et al. (2007).
We next measured the flux of each star using a series of apertures as in Stetson
(1990), starting at 5 pixels and continuing through to 40 pixels. For each aperture,
we accounted for the weight map and possible lost flux due to masked pixels.
We then constructed our growth curve for each image. Figures 2.8, 2.9, and 2.10
are examples of the growth curves for our algorithm. In those figures, the red
squares are the average difference of all the stars which are denoted as black
stars, with the standard deviation over-plotted as a black line. The smallest point
is the difference between the DoPHOT magnitude of the object and an aperture
of magnitude of 5 pixels, while the remaining points are the differences between
subsequent aperture sizes, with largest being the difference with respect to an
aperture of 40 pixels.
We then checked the growth curves of individual stars for possible contamination
by cosmic rays, stray reflections or streaks. If an individual star appeared to
have contamination, we removed that star’s growth curve. If more than 25% of
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Figure 2.5 Example of a growth curve from Miknaitis et al. (2007) and Wood-Vasey et al. (2007).
Here the smallest point is the difference between the DoPHOT magnitude of the object and
an aperture of magnitude of 7 pixels, while the largest is the difference of a 25 pixel aperture.
The clear triangles are the average difference of all the stars used for each pixel value and the
circles are the individual stars. The solid line represents a zero difference where the aperture
correction levels off, whereas the dashed line is the measured leveling off of the aperture
correction.
the stars were clipped, then the aperture correction for that image was flagged
as bad. We also verified that the growth curves asymptotically approached
a constant value for apertures larger than 20 pixels, and flagged any growth
curve which did not. We anticipated differences in the aperture corrections and
growth curves between science and calibration field frames. The calibration
field images were of crowded stellar fields with short exposures <60 s with
seeing < 1′′, compared to the science images which were 200 s in R and 400 s
in I in non-crowded fields and had a variety of seeing conditions. We found
the difference was typically ≈ 1 − 2%, and corrected for it while extrapolating
zero points between images to determine the dependance on exposure time and
airmass, so as to construct the tertiary photometric catalogs (see Narayan et al.
(2013) for more on this point).
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Figure 2.6 Example of a growth curve from Miknaitis et al. (2007) and Wood-Vasey et al. (2007).
Here the smallest point is the difference between the DoPHOT magnitude of the object and
an aperture of magnitude of 7 pixels, while the largest is the difference of a 25 pixel aperture.
The clear triangles are the average difference of all the stars used for each pixel value and the
circles are the individual stars. The solid line represents a zero difference where the aperture
correction levels off, whereas the dashed line is the measured leveling off of the aperture
correction.
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Figure 2.7 Example of a growth curve from Miknaitis et al. (2007) and Wood-Vasey et al. (2007).
Here the smallest point is the difference between the DoPHOT magnitude of the object and
an aperture of magnitude of 7 pixels, while the largest is the difference of a 25 pixel aperture.
The clear triangles are the average difference of all the stars used for each pixel value and the
circles are the individual stars. The solid line represents a zero difference where the aperture
correction levels off, whereas the dashed line is the measured leveling off of the aperture
correction.
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Figure 2.8 Example of a growth curve for an ESSENCE science image after our improvements.
Here the smallest point is the difference between the DoPHOT magnitude of the object and
an aperture of magnitude of 5 pixels, while the remaining points are the differences between
subsequent aperture sizes, with largest being the difference with respect to an aperture of 40
pixels. The red squares are the average difference of all the stars, which are denoted as black
stars. We also plot the standard deviation of the average as a black line. To avoid saturation
and other issues measuring the photometry, the stars were chosen with magnitude and color
criteria, with the stars ranging 13.5 < mR < 17.5.
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Figure 2.9 Example of a growth curve for an ESSENCE science image after our improvements.
Here the smallest point is the difference between the DoPHOT magnitude of the object and
an aperture of magnitude of 5 pixels, while the remaining points are the differences between
subsequent aperture sizes, with largest being the difference with respect to an aperture of 40
pixels. The red squares are the average difference of all the stars, which are denoted as black
stars. We also plot the standard deviation of the average as a black line. To avoid saturation
and other issues measuring the photometry, the stars were chosen with magnitude and color
criteria, with the stars ranging 13.5 < mR < 17.5.
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Figure 2.10 Example of a growth curve for an ESSENCE science image after our improvements.
Here the smallest point is the difference between the DoPHOT magnitude of the object and
an aperture of magnitude of 5 pixels, while the remaining points are the differences between
subsequent aperture sizes, with largest being the difference with respect to an aperture of
40 pixels. The red squares are the average difference of all the stars, which are denoted as
black stars. We also plot the standard deviation of the average as a black line. The red star
is one we visually marked as bad, which is evident in that it never asymptotically levels out.
To avoid saturation and other issues measuring the photometry, the stars were chosen with
magnitude and color criteria, with the stars ranging 13.5 < mR < 17.5.
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2.5. Conclusions
We have presented two of the major improvements that we implemented in
Narayan et al. (2013) to obtain precision photometry of type Ia supernova in
the ESSENCE survey. This effort was done with the aim to reduce the sys-
tematic errors due to photometric issues, and subsequently improve distance
measurements and determination of the properties of dark energy. We have
implemented a strategy to reduce the nightly and global variations in each
image, producing photometrically flat images to the 1% level. Additionally, we
improved the methods of determining the aperture corrections of the photometric
measurements, eliminating erroneous photometric measurements based on the
size of the object. These two improvements, along with the other improvements
mentioned in Narayan et al. (2013) allowed us to obtain a photometric accuracy of
1− 2% for the ESSENCE supernova. An example light-curve that has undergone
these improvements is presented in Figure 2.11. We also present all 228 SN Ia
light-curves in the observed frame based on its date of observation with respect
to all six years of the ESSENCE survey in Figure 2.12.
Figure 2.11 Final light-curve of supernova 2006R318. The red circles are the R band photometry
while the blue circles are the I band photometry. The error-bars for each point are over-
plotted, though they usually are smaller than the photometric point itself.
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The improvements detailed here were specifically implemented for the ESSENCE
survey, correcting issues present in the photometric reduction and analysis of the
first four-years of data detailed in Miknaitis et al. (2007) and Wood-Vasey et al.
(2007). Figure 2.13 shows the distribution of the differences between Wood-Vasey
et al. (2007) and the improvements we made in Narayan et al. (2013) of all
ESSENCE photometric points. The mean difference for the R band images was
0.039 magnitudes while it was 0.023 magnitudes for the I filter. Figures 2.14, 2.15,
2.16, 2.17, 2.18 and 2.19 are examples of the differences between the light-curves
of Narayan et al. (2013) and Wood-Vasey et al. (2007) for a few of the SN Ia in
the ESSENCE survey.
Figures 2.14 and 2.15 are examples of our typical SN Ia light-curves, where our
photometric uncertainties are usually smaller than individually plotted photo-
metric points. Figure 2.16 shows that while we improved the overall photometry,
we also improve the estimations of the uncertainties of each photometric point,
which subsequently caused some uncertainties to increase from those of Wood-
Vasey et al. (2007). Figure 2.17 shows that some photometric measurements of SN
Ia were not made by the reduction process of Wood-Vasey et al. (2007), but our
refined reductions detected and accurately measured these points. Figures 2.18
and 2.19 show how our photometric improvements changed the magnitudes of all
the photometric points in the worst-affected light-curves by 0.3− 0.4 magnitudes.
In the figures, the R band light-curve is presented in the left panel and I band on
the right panel. The colored circles are the photometry from Narayan et al. (2013)
after our improvements in the photometric calibration, while the black triangles
are the photometry using the methods of Miknaitis et al. (2007) and presented
in Wood-Vasey et al. (2007). The top panels of each side are the observed-frame
light curve while the bottom panels are the residuals in magnitudes between
our new photometry and that in Wood-Vasey et al. (2007). As can be seen,
some of the resulting light-curves are very different and overall, our photometry
has lower errors due to our calibration efforts presented here. We expect these
improvement to both lower the scatter of the ESSENCE SN Ia dataset, as well as
minimize what was clearly a major source of systematic photometric error.
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Figure 2.12 The 228 SN Ia light-curves as discovered and characterized in the ESSENCE survey.
The R band photometry is plotted in the top panel, with the I band in the bottom panel.
All light-curves are show in the observed frame.
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Figure 2.13 Distribution of differences between the photometry in Wood-Vasey et al. (2007) and
the improvements we made, presented in Narayan et al. (2013). The left hand figure is the
distribution of the R band photometry, while the right figure is for the I band photometry.
The mean difference of the R band photometry was almost 0.04 magnitudes while the I
band had a mean difference of 0.023 magnitudes.
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Figure 2.14 Light-curve of ESSENCE SN Ia 2003E132 in R (left panel) and I (right panel) bands. The colored circles are the photometry from
Narayan et al. (2013) after our improvements in the photometric calibration, while the black triangles are the photometry using the methods of
Miknaitis et al. (2007) and presented in Wood-Vasey et al. (2007). The top panels of each side is the observed-frame light curve while the bottom
panels are the residuals in magnitudes between our new photometry and that in Wood-Vasey et al. (2007).
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Figure 2.15 Light-curve of ESSENCE SN Ia 2005N404 in R (left panel) and I (right panel) bands. The colored circles are the photometry from
Narayan et al. (2013) after our improvements in the photometric calibration, while the black triangles are the photometry using the methods of
Miknaitis et al. (2007) and presented in Wood-Vasey et al. (2007). The top panels of each side is the observed-frame light curve while the bottom
panels are the residuals in magnitudes between our new photometry and that in Wood-Vasey et al. (2007).
44
Figure 2.16 Light-curve of ESSENCE SN Ia 2006Q007 in R (left panel) and I (right panel) bands. The colored circles are the photometry from
Narayan et al. (2013) after our improvements in the photometric calibration, while the black triangles are the photometry using the methods of
Miknaitis et al. (2007) and presented in Wood-Vasey et al. (2007). The top panels of each side is the observed-frame light curve while the bottom
panels are the residuals in magnitudes between our new photometry and that in Wood-Vasey et al. (2007).
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Figure 2.17 Light-curve of ESSENCE SN Ia 2007Y125 in R (left panel) and I (right panel) bands. The colored circles are the photometry from
Narayan et al. (2013) after our improvements in the photometric calibration, while the black triangles are the photometry using the methods of
Miknaitis et al. (2007) and presented in Wood-Vasey et al. (2007). The top panels of each side is the observed-frame light curve while the bottom
panels are the residuals in magnitudes between our new photometry and that in Wood-Vasey et al. (2007).
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Figure 2.18 Light-curve of ESSENCE SN Ia 2007Y137 in R (left panel) and I (right panel) bands. The colored circles are the photometry from
Narayan et al. (2013) after our improvements in the photometric calibration, while the black triangles are the photometry using the methods of
Miknaitis et al. (2007) and presented in Wood-Vasey et al. (2007). The top panels of each side is the observed-frame light curve while the bottom
panels are the residuals in magnitudes between our new photometry and that in Wood-Vasey et al. (2007).
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Figure 2.19 Light-curve of ESSENCE SN Ia 2007Y155 in R (left panel) and I (right panel) bands. The colored circles are the photometry from
Narayan et al. (2013) after our improvements in the photometric calibration, while the black triangles are the photometry using the methods of
Miknaitis et al. (2007) and presented in Wood-Vasey et al. (2007). The top panels of each side is the observed-frame light curve while the bottom
panels are the residuals in magnitudes between our new photometry and that in Wood-Vasey et al. (2007).
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CHAPTER 3
Search for Type Ia Progenitor
Signatures in ESSENCE
Supernova
This chapter will be submitted as B. E. Tucker et. al, 2013b, ApJ
If you would be a real seeker after truth, it is necessary that at
least once in your life you doubt, as far as possible, all things.
— René Descartes1
Abstract
We have complied 695 type Ia supernova (SN Ia) light-curves, including 228 SN
Ia from the Equation of State SuperNova trace Cosmic Expansion (ESSENCE)
to search for progenitor signatures in the early-phases of a SN Ia explosion.
Kasen (2010) presents a model where the companion star in a SN Ia has a
signature in the early-phases of the light-curve, as a hole in the ejecta is created,
allowing heated emission to escape in a burst. Using Monte-Carlo simulations,
we examine a sample of 695 SN Ia light-curves, searching for the emergent flux
expected from a red giant companion, specifically looking in the ultra-violet and
blue filters. Conservative estimates of both the frequency of these progenitor
scenarios and viewing angles of the shock break-out predict 4-5 detections of
this phenomenon from our sample. Our analysis yields zero detections, and this
excludes scenarios where 10% of all SN Ia are the result of red giant companion
accreting onto a white dwarf with98.2% confidence. This result implies that
there is a problem with the SN Ia scenario involving accretion from a red giant
onto a white dwarf, in that either the physics of the mechanisms involved is not
yet accurate, as described by Kasen (2010), or the rate at which this scenario
results in the explosion of a SN Ia is rarer than anticipated.
1Principles of Philosophy,
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3.1. Introduction
The discovery that the universe is undergoing acceleration, fueled by dark energy
(Riess et al., 1998; Perlmutter et al., 1999; Tonry et al., 2003; Barris et al., 2004;
Riess et al., 2004), was the result of the use of type Ia supernovae (SN Ia) as
standard candles. The empirical relation of the light-curve width of a SN Ia to
its peak absolute magnitude (Phillips, 1993; Hamuy et al., 1996b; Riess et al.,
1996b; Goldhaber et al., 2001; Prieto et al., 2006; Guy et al., 2007; Jha et al., 2007;
Conley et al., 2008) has proved SN Ia to be a very reliable method for probing
the high-z universe (Perlmutter et al., 1997; Schmidt et al., 1998; Garnavich et al.,
1998). SN Ia’s use as cosmological probes have led to the discovery of hundreds
of these objects across a wide range of redshifts, with the aim to discover the
true nature of dark energy (Astier et al., 2006; Riess et al., 2007; Wood-Vasey
et al., 2007; Frieman et al., 2008; Freedman et al., 2009; Kessler et al., 2009; Conley
et al., 2011).
Despite hundreds of SN Ia being discovered in the Universe, a clear reconciliation
of their basic nature and progenitor systems is still missing (Hillebrandt &
Niemeyer, 2000; Howell, 2011). The identification of core-collapse SN progenitors
has been accomplished through high-resolution imaging of nearby galaxies where
a progenitor star can be detected in pre-explosion images (see Smartt (2009)
for a review). It is widely accepted that SN Ia are the thermonuclear ignition
of a carbon-oxygen (CO) WD (Hoyle & Fowler, 1960), and subsequently their
faint nature limits the ability to directly detect them in pre-imaging like their
core-collapse counterparts (Maoz & Mannucci, 2008). However, there still is a
fundamental uncertainty as to the accretion process that causes this, with three
scenarios now having support within the community.
The first model is the single-degenerate (SD) scenario where a non-degenerate
companion, such as a main sequence or red giant star, accretes matter on to the
WD (Whelan & Iben, 1973; Nomoto, 1982; Livio, 2000). The thermonuclear igni-
tion of the WD occurs as it approaches the Chandrasekhar limit of 1.38M (Chan-
drasekhar, 1931) due this accretion. A second model is the double-degenerate
(DD) scenario in which two WD coalesce, surpassing the Chandrasekhar limit
(Iben & Tutukov, 1984; Webbink, 1984). It is debated, however, whether this
channel produces an explosion or leads to an accretion-induced collapse (Timmes
& Woosley, 1992). Finally, a third model, the “sub-Chandra” scenario, originally
proposed as a helium detonation in a sub-Chandrasekhar mass WD CO core
(Livne & Arnett, 1995), has re-gained momentum in the community. This sce-
nario can involve the accretion of helium from an He or WD star, or the merging
of two WDs that had main sequence masses less than 3 M (Sim et al., 2010; van
Kerkwijk et al., 2010; Ruiter et al., 2011).
Multiple studies have been undertaken to find clues and signs of any progenitor,
using a number of probes to distinguish between the three possible scenarios.
50
One of the most direct means to discover the progenitor system has been through
the examining of SN Ia remnants in ancient Milky Way SN such as Tycho (Ruiz-
Lapuente et al., 2004; González Hernández et al., 2009; Kerzendorf et al., 2009)
and SN 1006 (Kerzendorf et al., 2012; González Hernández et al., 2012). More
recently this has been extended to the Large Magellanic Cloud (LMC) with
SN 0509-697 (Schaefer & Pagnotta, 2012). These searches are looking for the
donor star which has survived the explosion, as the SD scenario predicts that
the donor star would be shocked, causing a partial stripping of the envelope
while surviving the explosion (Wheeler et al., 1975; Fryxell & Arnett, 1981; Livne
et al., 1992). This donor star will also have a high velocity due to the orbital
motion (Marietta et al., 2000; Canal et al., 2001). While these searches have thus
far not found any definitive companion stars, they can not definitively rule they
were the result of the DD scenario either.
Patat et al. (2007a) has suggested that variable sodium absorption, Na I, in SN Ia
spectra is due to circumstellar interaction of the white dwarf accreting material
from a red giant — a clue to SN Ia progenitors. Additionally, Sternberg et al.
(2011) has found a similar result but for systematically blue-shifted absorption.
These features have been seen in multiple SN Ia’s, suggesting at least a few SN
Ia could be from SD explosions (Patat et al., 2009; Simon et al., 2009; Patat et al.,
2011). Foley et al. (2012b) found that SN Ia with blue-shifted Na I absorption
systematically have higher ejecta velocities and redder colors at maximum,
providing a possible link between the SN Ia progenitor systems and observable
properties of the SN.
Additionally, there have been investigations into individual SN Ia, examining
the various SN properties for signs of the progenitors. SN 2011fe exploded in
M101, enabling multiple techniques for probing the progenitor system due to its
proximity. Studies have found the SD scenario involving a red giant companion to
not likely be the cause of this particular SN Ia, however no definitive conclusion
on its exact nature can be drawn, only that it likely involved a WD (Li et al.,
2011; Nugent et al., 2011; Bloom et al., 2012; Brown et al., 2012b; Chomiuk et al.,
2012; Horesh et al., 2012). Dilday et al. (2012) argues that a recent SN Ia which
shows signs of multiple shells of circumstellar material is due a symbiotic nova,
a slow irregular eruptive star, which would be the first clear evidence of a SD
companion.
Recent developments in the observations of core-collapse SN have opened up
a new means to understanding the progenitor systems. After the explosion of
a core-collapse supernova, the shock wave propagates through the envelope of
the star, emitting in x-ray, ultra-violet (UV) and optical light. This shockwave
has been observed with SN 1987A (Arnett et al., 1989), SN 1993J (Wheeler et al.,
1993) and more recently with SN 2008D (Soderberg et al., 2008; Modjaz et al.,
2009). This work prompted Kasen (2010, hereafter K10 and references therein) to
calculate a model for SN Ia similar to core-collapse which has an observationally
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testable prediction to determine the companion of a SN Ia – the basis of this
chapter.
In §3.2, we explain the model of K10, and the predictions it makes. §3.3 describes
the data that we use to test the models of K10, looking for signs of a companion
star. §3.4 describes our analysis of the SN Ia light-curves and what we expect
to find. Finally, in §3.5 we discuss our findings and the implications for SN Ia
models.
3.2. K10 Model and Prediction
Here we summarize the pertinent parts of the model and predictions from
K10 for which we aim to test. The K10 model uses the three most plausible
non-degenerate companions in the SD scenario: a 1 − 3 M main-sequence star
(MS), a 5 − 6 M sub-giant star (SG), and a 1 − 2 M red giant star (RG) (Branch
et al., 1995; Hachisu et al., 1996). Upon explosion of the WD, the ejecta from
the SN Ia will until undergo a free-expansion phase until it collides with a
non-degenerate, accreting companion. As the ejecta hits the companion, a bow
shock is formed, heating and compressing the remaining ejecta into a thin shell.
The companion subsequently diverts the incoming flow of material from the SN,
creating a hole in the ejecta, which allows the radiation from the thin shell of
heated ejecta that formed when hitting the companion to escape rapidly and
radiate.
The amount of heated ejecta that has formed in a shell on the companion star will
be ejected in varying amounts based on the separation and size of the companion
relative to the exploding WD. The RG companion has the least bound envelope
and has the largest surface area, causing the most catastrophic effects in a SN
explosion, and therefore has the largest observable signature. Both SG and MS
stars have much more tightly bound envelopes with small radii - the effects are
much less dramatic in these cases with smaller, but potentially still observable
signatures.
The prompt burst from the companion is approximated as a blackbody spectrum
by K10, thus the emission is predominately in soft X-rays. Energy not radiated
in the prompt burst will be emitted in the following hours and days in the
ultra-violet (UV) and optical, which is dependent on the size of the hole in the
ejecta. The size of the hole through which the ejecta can escape and radiate is
likewise dependent on the size and separation of the companion star, meaning
the strength of the UV and optical emission will strongly vary based on the
companion star.
Furthermore, the emission will only be observable if it exceeds or is comparable
to the luminosity diffusing out from the 56Ni decay, which occurs with a time
scale that scales as t2 (Riess et al., 1999b). While recent studies have debate the fit
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Figure 3.1 Figure from K10. Here we see the total emission in the ultraviolet and optical
wavelengths of a SN Ia involving a RG companion accreting on to a WD. At t ≈ 5 − 6 days
and earlier, the emission from the shocked SN ejecta escaping through the hole carved out
by the companion be seen. At angles where the observer is directly looking in the hole
(Θ = 0 deg) the emission is strongest. 10% of all SN Ia should have a strong emission due to
the companion that is observable.
of a t2 approximation (Nugent et al., 2011), even those that fit light-curves with a
two-parameter component find an agreement within 1σ of an average light-curve
template and all individual light-curves post-correction (Hayden et al., 2010b).
This emission will only be observable until the point when the remaining ejecta
from the explosion fills in the hole created by the companion. Additionally, the
strength of the emission which can be detected will depend on the viewing
angle of the observer — the position of the observer relative to the hole of
the ejecta. Viewing angles where Θ > 140 deg, meaning the companion star is
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behind the exploding WD and subsequently has the majority of the ejecta hole
obscured, will have very little detectable luminosity, especially at UV and optical
wavelengths. The strongest detections will occur when the observer is looking
directly at the hole through which the ejecta is occurring, where Θ < 45 deg.
Figure 3.1 illustrates the bolometric luminosities’ dependance on the observer’s
viewing angle for the model involving a RG companion, the model with the
largest expected emission.
Figure 3.2 shows the bolometric, UV, B, and V band light-curves at the ideal
viewing angle, Θ = 0 deg, with the predicted emission from the three models.
The amount of shocked emission is largest in the UV, as predicted by the model,
with some emission in B, and almost a negligible amount in V. Likewise, as stated
above, the RG companion has the largest amount of emission, meaning that
examining the UV and B light-curves of SN Ia has the best chance to constrain
a SD SN Ia progenitor scenario involving an accreting RG companion. Taking
into account the amount of emission that escaped in X-rays, only those SN Ia
which have viewing angles of Θ < 20 deg will have a sufficient emission making
a detection possible. Based on these viewing angle restrictions, K10 predicts that
for the RG scenario, 10% of SN Ia should have a detectable amount of emission.
3.3. Observations and Methods
The effort to characterize the dark energy equation-of-state has yielded a vast
set of well-sampled SN Ia light-curves. We draw our data set from a variety of
surveys that have a substantial amount of SN Ia but also probe different redshift
ranges. For the low redshift (z < 0.1) sample, we use the combination of the
Center for Astrophysics (CfA)1 (Riess et al., 1999a), CfA2 (Jha et al., 2006b),
and CfA3 (Hicken et al., 2009b) data sets. The CfA1 data set comprised of 22
BVRI SN Ia light-curves while the CfA2 set had 44 UBVRI light-curves. The
CfA3 set doubled the entire nearby SN Ia set with 185 light-curves in UBVRIr′i′.
All of these surveys used the 1.2 m telescope at the F.L. Whipple Observatory.
The surveys did not discover the SN Ia themselves, but instead relied on the
discoveries of both professional and amateur SN searches in order to focus on
obtaining well-sampled light-curves.
We also use SN Ia from the Sloan Digital Sky Survey-II (SDSS-II) (Frieman et al.,
2008), which used a dedicated camera on the 2.5m telescope at Apache Point
Observatory as an extension of the original SDSS survey. SDSS-II conducted a
"rolling" (drift scan) mode imaging in u′g′r′i′z′ around the celestial equation in
the Southern Galactic Hemisphere. The focus of SDSS-II was on finding SN Ia in
the 0.1 < z < 0.3 range, an unexplored area between the nearby surveys and their
high redshift counterparts. The first year data release of SDSS-II (Kessler et al.,
2009) published 146 SN Ia, with high-quality sampling and accurate photometric
measurements.
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Figure 3.2 Figure from K10. For a viewing angle of Θ = 0 deg, we can see the shocked
emission’s signature in SN Ia light-curves. Most of the emission is in the ultraviolet, but the
B band still shows a significant feature. The RG companion has the biggest effect and should
be easily discernible in observed SN Ia light-curves before maximum light. The black dashed
line is a simple analytically approximation of the expected light-curve.
Lastly, we use data from two high redshift (0.2 < z < 1.0) surveys, the Equation
of State SupErNova trace Cosmic Expansion (ESSENCE) survey (Miknaitis et al.,
2007; Wood-Vasey et al., 2007; Narayan et al., 2013) and the Supernova Legacy
Survey (SNLS) (Astier et al., 2006). The ESSENCE survey used the MOSAIC
II CCD array on the 4-m Blanco Telescope at the Cerro Tololo Inter-American
Observatory, conducting a rolling search in RI, discovering and following 228
SN Ia. SNLS used the Megacam camera on the Canada-France-Hawaii Telescope
on Mauna Kea in g′r′i′z′ finding 252 SN Ia in the first three years of searching
(Guy et al., 2010).
Combining these data sets, and removing a few SN Ia that do not have adequate
sampling or have other obvious irregularities, we complied a dataset of 695 SN
Ia light-curves to test K10’s prediction of trying to find the shock emission of the
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companion in a SN Ia, with 213 of the light-curves coming from the ESSENCE
survey. However, in order to compare all of the SN Ia’s from different surveys,
we must correct for a number of things: extinction due to dust (both in the
host galaxy and the Milky Way), time dilation, stretch, as well as different filter
systems and redshift filter corrections (k-corrections). We transform all of the
light-curves into rest-frame (z = 0 ) UBVRI using the SALT2 package (Guy et al.,
2007). SALT2 and similarly MLCS2k2 (Jha et al., 2007) are used by various SN
surveys, including ESSENCE and SNLS in order to utilize the SN Ia light-curves
as cosmological probes. Both SALT2 and MLCS2k2 have the required tools to
enable use to compare all of the SN Ia and compare it to the “normal” SN Ia
(Leibundgut, 1989).
3.4. Analysis
A few previous studies have attempted to find the shocked emission due to
interaction with a companion star as predicted by K10. Hayden et al. (2010a)
used 108 of the best-sampled SDSS-II SN Ia light-curves to search for progenitor
signatures. Ganeshalingam et al. (2011) performed a similar analysis using 61 SN
Ia light-curves at nearby distances from the Lick Observatory Supernova Search
(Ganeshalingam et al., 2010) while Bianco et al. (2011) used SN Ia light-curves
from the 3-year SNLS data release. Instead of focusing on a large sample, Brown
et al. (2012a) used a small sample of 12 nearby SN Ia which had extensive
UV observations. None of these studies found any sign of interaction with a
companion as predicted by K10.
These previous studies have focused on searching for the shocked emission
from a RG companion, the scenario predicted to have the best probability for a
detection. However, as stated in the K10 model, due to viewing angles and the
majority of shocked emission escaping as soft x-rays, only 10% of SN Ia fitting
this scenario should be detected. Additionally, as the RG SD scenario is only
one of a few plausible scenarios, studying their signatures will only be able to
provide an upper limit to the fraction of SN Ia progenitors with a RG companion.
Some models now predict that the RG SD scenario only accounts for ≈ 10% of all
SN Ia (Ruiter et al., 2009). Take this into account, the expected rate of detecting
the shocked emission from a RG companion with all the restrictions of the K10
model is ≈ 1%. As the previous studies used SN Ia samples on order of 100 or
less, the lack of detections is not statistically significant ruled out for the RG
companion.
In order to obtain a large enough sample for which we can better draw con-
clusions, we combined the ESSENCE SN Ia with existing published data sets.
Figure 3.3 shows the complied light-curves from all of the surveys. All 695 SN
Ia light-curves are plotted in rest-frame UBVRI (Bessell, 1990). The black line
in the figure is the Leibundgut template of a normal SN Ia (Leibundgut, 1989).
56
The U filter is a near-ultraviolet filter, and is comparable to the measurements
in K10’s model of the UV, with the B and V filters being direct comparisons
to K10’s predictions. While we provide the R and I filters in Figure 3.3, the
signature is negligible in these filters and is not examined.
We can see in Figure 3.3 the dispersion in the light-curves, mostly concentrated
after maximum. This variation is caused by the 56Ni output, which is stronger
after maximum light (Kasen & Woosley, 2007; Hayden et al., 2010b). As we
are only interested in the early-phases of the SN Ia light-curve which is more
constant, we are not concerned by this issue.
The largest uncertainty in our experiment is the impact and estimation of extinc-
tion on the SN Ia light-curve. As can be seen in the U filter plot, this filter has
the strongest scatter of all the filters, and this wavelength is most affected by
extinction. In Figure 3.3, the few data points lying above the average light-curve
come from SN with high values of MLCS AV and are due to incorrect treatment
extinction. Likewise, the redder filters (RI) have less scatter which are likewise
less affected by host galaxy extinction.
Focusing on the RG scenario, 1% of all light-curves should show the signature of
the companion star. We have 188 SN Ia light-curves with at least one photometric
measurements with t . 7 in the U filter, and 492 SN Ia light-curves with one
point with t . 7 in the B filter. Based on the models of K10, assuming a RG
companion and a viewing angle Θ < 20 deg, at t . 7 days, we should be able to
see the signature of the companion in 4 − 5 SN Ia, with the signature increasing
as t⇒ 0. Examining our light-curves in UBV, we detect no signature in any of
the filters for any object that is > 3σ from the average light-curve. Our data set
and the Leibundgut template are in very good agreement, with the the average
of our light-curves and the Leibundgut template having an root-mean-square fit
of 95%, showing our techniques to bring all of the SN onto a common frame
have been successful.
To quantify our result, we ran a series of 10000 Monte-Carlo simulations, to
see if our data should be able to detect this shocked companion. Firstly, we
investigated whether the sampling in the early phases of the SN Ia light-curve,
shortly after explosion, were sensitive enough to detect the expected signature.
Specifically, we wanted to investigate the issue that a significant fraction of the
SN Ia light-curves in our sample only have one measurement with t . 7. In
these cases, the one measurement might not be sufficient to definitively detect
the shock emission. We ran our simulations with 700 SN Ia light-curves in the B
filter, with the majority (25%) having one point in the early-phases (t < 7days),
10% having two points, and only a few (1%) SN Ia light-curves having three
points. We then randomly varied the strength of the shock emission in the
light-curves in relation to the restrictions (i.e. rates and viewing angles) of the
model. The results showed that even due to the poor sampling in the early
phases of the SN Ia light-curves, 98.2% would have at least one RG companion in
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the whole sample which would produce a strong excess in the SN Ia light-curve
and should be easily observable in Figure 3.3 which would significantly deviate
from the Leibundgut template.
Furthermore, we ran an additional series of 10000 Monte-Carlo simulations,
taking the RG model of K10 and processing it through the light-curve fitters
which normalizes the light-curves to an unextinguished, rest-frame light-curve.
We wanted to investigate whether the light-curve fitting process was somehow
biasing against these features we expected to detect. Specifically, if the signatures
were subtle, the light-curve fitters could be assuming that the light-curve width
is abnormally wide, and is correcting for this feature, making it an abnormal SN
Ia with no shock signature. Likewise it could also assume that the SN Ia is not
really an SN Ia and it could “fail” the light-curve fitting criteria, and therefore
we might be throwing these SN Ia away in our samples. We therefore ran the
RG model through the light-curve fitter, getting various values for extinction
and corrections for the light-curve width and peak luminosity. Subsequently,
despite these variables, over 99% of the simulations showed that the RG model,
after light-curve processing, still possessed a sufficiently strong signature which
could be detected.
We must now examine observational biases in our data set. The most likely
bias is extinction, as it is one of the largest source of error in SN Ia light-curve
fitting in cosmology experiments (Wood-Vasey et al., 2007). Applying either a
high extinction value or no extinction value in light-curve fitting, the subsequent
change in the light-curve is much less than is needed to remove the companion
signature in the early-phases of the light-curve. This is supported by the extreme
outlier in the U and B filters, SN 2006lf which has a very high extinction,
E(B − V) = 0.97. Observational bias is unlikely, as the un-targeted SN surveys
(SDSS-II, ESSENCE, SNLS) search for SN Ia regardless of host galaxy type or
brightness. Tucker et al. (2013a) shows that SN Ia are present in a wide range of
environments in the ESSENCE survey, from small dwarf galaxies, to merging
galaxies, and giant ellipticals, covering the majority of galaxy types. We also use
surveys covering a range of redshift, eliminating bias due to cosmic evolution.
3.5. Discussion and Conclusions
As our study has combined SN Ia from both the ESSENCE survey and other
published SN Ia, we expected to detect 4 or 5 SN Ia with a shock breakout
involving a RG donor star. Our analysis yielded no detections, excluding a 10%
fraction of RG companions in the SN Ia total population with a confidence of
98.2%. This result has implications for both the rate of this scenario resulting in
a SN Ia and the physics involved in the models of this scenario.
Firstly, our results imply that the rate of which a RG accreting on to a WD which
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results in a explosion as a SN Ia, is lower than predicted in Ruiter et al. (2009),
and therefore does not form a significant contribution to the SN Ia population.
These findings are consistent, but more constraining than other studies which
tried to find signs of the progenitor system. Specifically, direct searches for
the remnant donor star companion in historical, Galactic and Large Magellanic
Cloud SN Ia, have found no RG donor stars. As a result, the RG SD scenario
which was once believed to potentially be the main channel of SN Ia seems to
no longer form a significant contribution to the SN Ia population.
Secondly, because our result relies on a single study, it would be useful for an
independent investigation to verify the predictions, assumptions, and results
of Kasen (2010). While the prediction of Kasen (2010) uses standard values for
the separation of the RG to the WD which are needed for the accretion via a
Roche-Lobe overflow, the detailed calculation of the RG collision and subsequent
emission is not straightforward, and additional studies are warranted to confirm
the details of the K10 results. With the great increase in the number of SN Ia
that are being discovered, and discovered at earlier times, better models for
the investigation of the SG and MS scenarios are needed if we want to fully
explore the possibilities of progenitor identification via the influence on their
light curves.
Uncertainties in the modeling not withstanding, it appears that RGs are not a
viable channel for normal SN Ia and therefore attention turns to models where
RGs are not present at the time of explosion. These might be as simple as SG or
MS stars, but this is argued against by the few Galactic/LMC SN Ia remnants
which all lack a viable SG or MS star. This paucity of objects could also also could
be indicative of a long delay between accretion and explosion due to rotation
(Yoon & Langer, 2005), or that the DD scenario is typical of SN Ia explosions.
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Figure 3.3 A compilation of 695 light-curves from the CfA1,2, and 3 surveys, SDSS-II, ESSENCE, and SNLS supernova surveys. The light-curves
have been run through SALT2 in order to bring them to a common system, UBVRI. The black line is the Leibundgut template of a standard SN Ia.
It is evident there is no detectable signature from the emission due to the shocked ejecta escaping a hole created by the companion. There should
be ≈ 4 − 5 light-curves that have this feature due to interaction of a RG companion. Even if with the decrease in sampling at early times where the
feature occurs, no hint of this feature is seen.
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CHAPTER 4
Improving the Precision of Dark
Energy Measurements through
Type Ia Supernova Host Galaxies
This chapter will be soon submitted as B. E. Tucker et. al, 2013a, ApJ
Opinion is the medium between knowledge and ignorance.
— Plato1
Abstract
We analyze the host galaxies of 228 Type Ia supernovae (SN Ia) discovered by
the “Equation of State: SupErNovae trace Cosmic Expansion” (ESSENCE) survey.
We develop a new method for determining the spectral energy distribution
and rest-frame magnitudes of the host galaxies from the ultraviolet (UV) to the
infrared and use empirical relations to derive stellar mass and star-formation
rate (SFR) measurements of the host galaxies. We also calculate the normalized
separation of the SN Ia from the center of the host galaxy. We find a substantial
amount of UV emission in our passive galaxies, suggesting star formation in
these galaxies. Additionally, we find a 4.0σ correlation of the rest-frame far-UV
minus V (FUV−V) host-galaxy color and distance residuals from the best-fitting
cosmology (Hubble residual), when the sample is divided by host-galaxy type.
Lastly, we find that SN Ia at > 2Reff (where Reff is the effective radius of the
host galaxy) occur in low-extinction environments, subsequently producing a
uniform sample of SN Ia which can be used to measure cosmological parameters
1The Republic, Book V, 476d
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with lower systematic errors. SN Ia at these distances have noticeable offsets in
SN color and Hubble residual from the entire sample, suggesting an improper
treatment of SN Ia color and dust, both of which have the potential to bias SN Ia
distance measurements.
4.1. Introduction
The use of Type Ia supernovae (SN Ia) as calibratable candles (“standard candles”)
has moved them into the forefront of tools available to cosmologists to explore
the Universe. The empirical relation of the light-curve width of a SN Ia to its
peak absolute magnitude (Phillips, 1993; Hamuy et al., 1996b; Riess et al., 1996b;
Goldhaber et al., 2001; Prieto et al., 2006; Guy et al., 2007; Jha et al., 2007; Conley
et al., 2008), coupled with their brilliant luminosity and abundant availability,
has proved SN Ia to be very reliable for probing the Universe at high redshifts
(Perlmutter et al., 1997; Schmidt et al., 1998; Garnavich et al., 1998). Their use
led to the startling discovery and subsequent confirmation that the Universe
is undergoing acceleration, probably fueled by dark energy (Riess et al., 1998;
Perlmutter et al., 1999; Tonry et al., 2003; Barris et al., 2004; Riess et al., 2004).
Currently, the focus of SN Ia has been on constraining the properties of the
dark energy equation-of-state parameter, w = P/(ρc2) (Astier et al., 2006; Riess
et al., 2007; Wood-Vasey et al., 2007; Frieman et al., 2008; Kessler et al., 2009;
Conley et al., 2011), in order to determine whether it behaves as expected for
the cosmological constant or some more exotic form such as quintessence (Wang
& Garnavich, 2001; Davis et al., 2007; Rubin et al., 2009; Sollerman et al., 2009).
However, increasing the precision of the measurements is no longer related
to just observing a larger number of distant SN — the experiments are now
dominated by systematic errors rather than statistical uncertainties. By looking at
the host galaxies of SN Ia, we hope to find a way to identify significant systematic
errors that correlate with host-galaxy properties and improve SN Ia distance
measurements.
Despite the important role of SN Ia as cosmological probes, a clear reconciliation
of their basic nature and progenitor systems is still missing (Hillebrandt &
Niemeyer, 2000). It is widely thought that SN Ia are produced by a thermonuclear
runaway in the core of a carbon-oxygen white dwarf (WD) as it approaches
the Chandrasekhar limit of 1.4M because of accretion from a close, binary
companion. However, there still is a fundamental uncertainty regarding the
accretion scenario that leads to the SN Ia explosion.
Studying the environments of SN Ia provides a way to understand their pro-
genitors, and has the ability to help constrain systematic errors in distance
measurements. Early studies found that SN Ia are more commonly associated
with younger stellar populations in star-forming galaxies, similar to (but less
extreme than) what is seen with core-collapse SN (Oemler & Tinsley, 1979), and
62
that SN Ia in star-forming galaxies occur more in the disks of the galaxies than in
their bulges (Wang et al., 1997). However, McMillan & Ciardullo (1996) observed
that SN Ia also readily occur far from the spiral arms of late-type galaxies and
in galaxies with low star-formation rates (SFRs), which would require a delay
between the formation of the progenitor system and the subsequent explosion
as a SN to allow for proper dispersion away from the spiral arms.
Hamuy et al. (1995, 1996b), using the Calán/Tololo SN Ia search (redshift
z < 0.1), were the first to report that the SN peak luminosity and light-curve
shape correlate with the host-galaxy type. The faint, rapidly declining SN Ia
tend to occur preferentially in early-type galaxies having low SFRs, while the
bright, slowly declining SN prefer late-type galaxies having high SFRs. Williams
et al. (2003) found nothing conclusive with a limited sample of high-redshift
SN Ia. More recent studies having larger samples of nearby SN (Neill et al., 2009)
and high-redshift SN (Sullivan et al., 2006) identified trends similar to those of
Hamuy et al. (1996b), suggesting that there are two populations of SN Ia: one
having a prompt delay time (the time between formation of the progenitor binary
system and the SN explosion; Madau et al. 1998) and the other a long (1–10Gyr)
delay time. Mannucci (2005) and Scannapieco & Bildsten (2005) suggested that
the delay time can be described as a combination of two discrete categories of
SN Ia — a “prompt” component related to recent star formation in the host
galaxy and a “delayed” component reliant on low-mass stars. Previous studies
have tried to measure the “delay time” and yield a wide variation: ∼ 3–4Gyr
(Strolger et al., 2010), ∼ 2–4Gyr (Strolger et al., 2004, 2005), > 2Gyr (Gal-Yam
& Maoz, 2004), < 2Gyr (Maoz & Gal-Yam, 2004), and ∼ 1Gyr (Barris & Tonry,
2006).
Using spectra of host galaxies of nearby SN Ia, Gallagher et al. (2005) determined
that faint, rapidly declining SN Ia are found only in environments lacking
significant star-formation activity. In a follow-up study, Gallagher et al. (2008)
examined early-type galaxies that had been classified by their morphology and
color, finding evidence for weak star formation in many of their spectra. They
showed that the hosts having signs of ongoing star formation produced the
most-luminous SN Ia in the sample.
Gallagher et al. (2008) further found evidence for a correlation between host
metallicity and Hubble residuals. Photometric studies of SN Ia host galaxies at
low and high redshifts (Kelly et al., 2010; Lampeitl et al., 2010; Sullivan et al.,
2010) found that the luminosity of SN Ia, corrected for light-curve shape, depends
on the host-galaxy stellar mass, with more-massive galaxies hosting brighter SN.
Corrections for this effect can significantly reduce the scatter in the SN Ia Hubble
diagram (Sullivan et al., 2011). Using the Sloan Digital Sky Survey (SDSS) II SN
search, Gupta et al. (2011) found a similar correlation with the Hubble residual
and host-galaxy mass-weighted average age, while D’Andrea et al. (2011) (also
using SDSS-II star-forming hosts) found the same correlation with metallicity.
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Foley (2012) found a correlation between the SN Ia ejecta velocity and host-galaxy
mass, and also between the ejecta velocity and SN Ia progenitor and environment
(Foley et al., 2012b). These trends are most likely produced by multiple causes.
Since galaxy mass, age, SFR, and metallicity are correlated, the true source of
this effect has not yet been securely identified.
In this chapter, utilizing ultraviolet (UV) data from the Galaxy Evolution Explorer
(GALEX; Martin et al., 2005) coupled with optical observations during the
“Equation of State: SupErNovae trace Cosmic Expansion” (ESSENCE) survey, we
investigate the nature of the stellar populations that host SN Ia, and whether the
host-galaxy properties correlate with SN Ia distance measurements and therefore
have the potential to bias conclusions based on these objects. The structure of
the paper is as follows. Section 4.2 presents the data, while §4.3 describes our
photometric measurements of the host galaxies and §4.4 details the physical
parameters of the host galaxies that we measure. We present our findings in
§4.6, where we show our three main results involving the populations of SN Ia
passive host galaxies, the location of SN Ia with respect to the normalized
position in their host galaxy, and galaxy properties with respect to the Hubble
residual. We summarize our results in §4.7. In the Appendix we detail our
spectral energy distribution (SED) procedure and compare it to other methods
of host-galaxy measurements; we also compare our results to a general galaxy
field population. Throughout this paper, we use assume a flat ΛCDM Universe
with H0 = 70kms−1 Mpc−1, ΩM = 0.27, and ΩΛ = 0.73.
4.2. The Data
4.2.1. Optical Data and Calibration
The SN Ia host galaxies used for this analysis are based on objects discovered
by the ESSENCE project. This 6-year National Optical Astronomy Observatory
(NOAO) survey program (Miknaitis et al., 2007) discovered and spectroscopically
confirmed 228 high-redshift (0.2 < z < 0.8) SN Ia, with the primary goal of
measuring the dark energy equation-of-state parameter, w = P/(ρc2) (Krisciunas
et al., 2005; Davis et al., 2007; Wood-Vasey et al., 2007; Narayan et al., 2013), where
P is the pressure and ρ is the density. The substantial dataset has also been
used to examine the spectroscopic properties and diversity of SN Ia (Matheson
et al., 2005; Blondin et al., 2006; Foley et al., 2008, 2009b), to test fundamental
physical concepts such as time dilation (Blondin et al., 2008), and even to find
Trans-Neptunian Objects residing at the edge of our Solar System (Becker et al.,
2008).
The ESSENCE project utilized the MOSAIC II CCD array at the 4m Blanco
telescope at the Cerro Tololo Inter-American Observatory (CTIO) near La Serena,
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Chile. The MOSAIC II CCD array comprises eight individual 2k × 4k CCDs
covering 0.36 square degrees with a scale of 0.27′′ pixel−1 (Muller et al., 1998).
Using this instrument, ESSENCE took repeated images in broad-band Johnson-
Cousins Vega R and I filters (hereafter R, I) of four fields, each having an area of
two square degrees. These fields were chosen to lie near the celestial equator,
have low Milky Way dust extinction, and overlap with the SDSS. Each year
when possible (see Miknaitis et al. 2007 for details of the survey), images were
taken during 30 half-nights in September–December, in both dark and grey time.
Supplemental images in Cousins B,V (Vega) and SDSS z′ (AB) were also obtained
for the purposes of host-galaxy analysis. Follow-up observations of potential
candidate SN Ia were made at a variety of ground-based telescopes including
Gemini, Magellan, VLT, and Keck to classify and determine the redshift of each
SN candidate; see Matheson et al. (2005) and Foley et al. (2009b).
Host-galaxy properties were measured in images created by combining the
best data (see §4.2.3) taken during the entirety of the ESSENCE survey. The
individual optical images were reduced using the ESSENCE pipeline as described
by Miknaitis et al. (2007) and Narayan et al. (2013) (in prep.). A brief overview of
the relevant processes follows. Electronic artifacts caused by low-level crosstalk
between the different channels on the CCD array were estimated and subtracted.
Masks of bad pixels and columns, saturated pixels, and larger apertures over
bright stars were constructed for each image and propagated throughout the
reduction pipeline. An accurate World Coordinate System (WCS) solution was
derived for each image by matching stars to the United States Naval Observatory
(USNO) CCD Astrograph Catalog 2 (UCAC2) (Zacharias et al., 2004) and the
SDSS (York et al., 2000). Measurements of the photometric quality, such as the
atmospheric seeing and sky background, were also made. The images were
flatfielded using dome flats to reduce pixel-to-pixel variations, with an overall
illumination correction from each night calculated and applied to remove large-
scale gradients across the CCD, and to reach a common, average sky level between
the amplifiers. Relative photometry of stars across each amplifier was calculated
using the DoPHOT Package (Schechter et al., 1993), which was then used to
compare to a catalog of stars on the natural photometric system of the Blanco
telescope to derive a zeropoint. We obtained several images of three Landolt
standard-star fields (L92, L95, Ru149) with the Blanco telescope, calculating the
extinction and color terms between the two, to calibrate the natural system of
our ESSENCE data. Finally, the pixels were remapped to a fixed tangent plane
using the astrometric solution via the SWarp package (Bertin et al., 2002).
4.2.2. Ultraviolet Data and Calibration
In addition to our optical data, we employ UV imaging from GALEX, a NASA
explorer mission performing the first space-UV sky survey. The imaging portion
of the survey operates in two filters, the far-UV (FUV) and the near-UV (NUV)
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(Martin et al., 2005). One of the science surveys, the Medium Imaging Survey
(MIS), focuses on a 1000 square degree field, utilizing 1500 s exposures to achieve
a sensitivity of mAB ≈ 23 mag (see Morrissey et al., 2005), and has nearly complete
coverage of our ESSENCE fields. Moreover, we were granted Cycle 6 Guest
Investigator (GI) time to extend the depth of the GALEX imaging to mAB ≈ 25
mag, allowing us to augment our optical imaging in order to better constrain
the properties of our host galaxies.
We retrieved the UV images used in this paper from the Multi-Mission archive at
the Space Telescope Science Institute (MAST). We use the intensity images which
have been processed using the GALEX pipeline described by Morrissey et al.
(2007). Here we provide a brief summary of the relevant steps of the GALEX
pipeline. Each image is first centered and scaled from raw detector bin positions.
The images are corrected for nonlinearities caused by both conversion from time
units into amplitude and distortion near the edge of the detector. The images are
then converted into counts and divided by the relative response image, which
is an effective exposure corrected for dithering, flatfield, and dead-time (the
amount of electrons lost to the speed and efficiency of the detector). Finally, a
background intensity map is fitted and subtracted from each image. We use the
photometry supplied by GALEX to verify our photometry (§4.3.1) from the same
images.
4.2.3. Combined Images
It is necessary to combine multiple images to measure the host-galaxy properties,
as many of the host galaxies are near or below the detection limit of the individual
images. The ESSENCE images were taken in a variety of conditions, and to
maximize the signal-to-noise ratio (S/N) in the image while maintaining the
smallest and most well-behaved point-spread function (PSF) possible, we selected
images to be combined based on a set of image-quality criteria. These criteria
specify that the full width at half-maximum intensity (FWHM) was less than
1.35′′ and the sky level was below 17.46 and 16.85 mag arcsec−2 in R and I,
respectively.
We did not place limits on images for inclusion in B,V, z′, as we were limited
to only supplemental imaging at the end of the survey. Consequently, our
sensitivity in these filters is reduced compared with our R and I data. As there
was only one deep exposure taken per field with the PSF set by the instrument
rather than observing conditions for the GALEX FUV and NUV images, we do
not place any constraints on the images.
To account for contamination of the host galaxy by the SN, we created combined
images for R and I based upon each year. Combined images were created
for each of the years 2002–2007, each of which contains all the images for the
respective field minus those of that year. For instance, the year 2004 combined
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images contains images from the 2002, 2003, 2005, 2006, and 2007 campaigns.
This process allows a minimum of 8 months for the SN to fade, making SN
contamination negligible because the combined images contain several frames
from several years.
Similar restrictions were applied on our GALEX FUV and NUV data, in addition
to our optical B,V, z′ data. Host galaxies whose SN occurred in the same year
as when the image was taken were not measured. The majority of our B,V, z′
images were taken in the 2006 season, causing most of the 2006 host galaxies to
have only R, I measurements.
Two separate sets of combined images were created using different rejection
methods. These rejection techniques are critical in order to remove cosmic rays,
satellite trails, and masked pixels. In both rejection methods, individual images
were projected to a common pixel coordinate system using Swarp (Bertin et al.,
2002), and we used HOTPANTS 2 to convolve the images with a kernel to have
a consistent PSF using the image with the worst seeing. Our first rejection
technique uses a sigma-clipping algorithm to produce an average image. This
technique maximizes signal, but has the potential to clip good data in areas
of high gradient within the image (such as cores of stars and some galaxies),
especially if the PSFs of images are not identical. This effect has the potential to
lead to flawed measurements of the host galaxy. Our second method rejects the
pixels with the highest and lowest flux values and then averages the remaining
values. This method does not maximize the S/N of the image, but reliably
produces images where the cores of galaxies and stars are accurately treated. We
use the two different methods to monitor and to determine any possible biases
in the combining process. Section 4.3.1 explains the further use of both types of
combined images for photometric calibration.
Figure 4.1 illustrates our sensitivity with respect to a range of input images in a
single combined image. For an object, we plot the measured Kron magnitude
(§4.3) in R versus the calculated uncertainty in the measurement. Our sensitivity
in a typical R and I combined image (24 images) is ∼ 2 mag deeper than the
best single image. Our combined image with the least number of contributing
images (6) is ∼ 1 mag deeper than our best single image. We have compared the
photometry on images combined using the two rejection methods. In all cases,
the photometry is consistent within 0.03 mag, and therefore we adopt the more
optimum average sigma-clipping method.
2http://www.astro.washington.edu/users/becker/hotpants.html .
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Comparing Combined Image Sensitivities
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Figure 4.1 Image sensitivity with respect to the number of images in a combined image in R.
Our smallest combined image is more than a factor of 100 deeper than a single image. The
difference between our range of combined images, from 10 images to 40 images, is around 1
mag, thus not dramatically affecting our detection and measurements of any of the hosts due
to our initial image constraints. The errors also decrease with the number of input images,
giving better constraints on the fainter galaxies in the ESSENCE host sample.
4.2.4. Host Galaxy Identification
Optical Identification
Correctly identifying the corresponding host galaxy for each SN is complicated
due to contamination from foreground and background stars and galaxies. As
part of the automated pipeline, SN positions are calculated from our PSF fitting
of the SN light in the difference images. The position of each SN is measured
to better than 0.1′′, and therefore we are able to determine the SN positions to
better than half of a pixel in our combined images, despite the absence of light
from the SN.
Host-galaxy identification is first done in the R and I filters since they are the most
sensitive images. For 202 of our SN Ia (∼ 90% of the sample), the SN appears to
be distinctly located within a galaxy with no other nearby galaxies, so we adopt
this galaxy to be the corresponding host galaxy. This is supported using redshifts,
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as the SN redshift in all cases matches the host-galaxy redshift (Foley et al.,
2009b). For the other ∼ 10% of the SN, either no obvious galaxy is identifiable or
multiple galaxies are the possible host galaxy. For those objects which have no
straightforward identification, we employ the following procedure. All galaxies
within a 10′′ radius of the SN position are identified; at our median redshift
of 0.5 this corresponds to ∼ 60 kpc, and at our lower redshifts it corresponds
to ∼ 40 kpc. While we could set our detection radius per object based on the
individual physical distance rather than an average, our limit is high enough that
it does not bias our results for the lower redshift objects. To aid in the correct
identification, we use an image with the SN present and near maximum light to
compare the peak brightness of the SN with the galaxies within the boundary.
Using a modified Schechter function, the absolute magnitude of the SN host
should not exceed MSN − 3 at the given redshift, because this represents a host
galaxy more massive than any known galaxy. For instance, for a SN at z = 0.5,
the SN host should not exceed MR = −22 mag. We therefore use this limit to
determine the apparent magnitude limit, and any galaxy exceeding this limit
is eliminated as a possible SN host. In the four cases where multiple objects
still remain, we take the closest galaxy to be the SN host. In our data tables,
we mark these questionable galaxies and do not include them in calculating SN
dependencies on the host galaxy. While we could calculate a photometric redshift
and use this as a method for exclusion, photometric redshifts need multiple
filters for reasonable accuracy (Budavári et al., 2000), and our typical SN Ia hosts
only have detections in four filters, making this technique ineffective for our
dataset. For a few objects, the identified host was obscured by a foreground
star or another galaxy, and in these cases no properties were measured for the
host. It is possible that we have wrongly identified a brighter host when the
host was faint in a few cases. Given the distribution of SN Ia host-galaxy masses,
these should be rare exceptions. Finally, there were six instances where there
was no detectable galaxy within the 10′′ radius, indicating a faint host galaxy,
with upper limits ranging from MB > −14 to MB > −15.5 mag.
We also require the host position to be determined to better than 1′′ in both
of our R and I filters, to ensure that the same galaxy is identified. Once the
putative host is identified in the R and I images, we then proceed to identify
it in our B,V, z′ images. Again, we require the position in each filter to match
within 1′′ of our R and I positions. No measurements are performed in those
filters which do not satisfy this requirement. Our set of SN host-galaxy positions
is given in Table 4.1 (the full version is available online and in the Appendix).
Table 4.1 Host Galaxy Positions
ESSENCE ID RA DEC Redshift
2003D033 23:25:24.104 -09:26:00.44 0.526
2003D058 01:07:58.753 +00:03:05.10 0.584
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Table 4.1 – Continued
ESSENCE ID RA DEC Redshift
2003D083 02:29:21.181 -09:02:15.27 0.334
2003D084 02:28:50.933 -09:09:58.08 0.522
2003D085 23:27:58.212 -08:57:11.27 0.405
2003D086 23:27:01.592 -09:24:05.18 0.204
2003D089 02:28:28.557 -08:08:45.02 0.424
2003D093 02:29:52.187 -08:32:28.15 0.363
2003D097 02:31:54.601 -08:35:48.80 0.434
2003D099 02:07:54.869 -03:28:28.18 0.210
2003D100 23:30:51.152 -09:28:33.76 0.158
2003D117 02:31:06.723 -08:45:39.17 0.297
2003D149 02:10:53.990 -04:25:51.05 0.339
2003E020 23:25:36.131 -09:31:44.95 0.164
2003E027 02:11:09.168 -04:39:19.02 0.804
2003E029 01:09:48.927 +01:00:05.40 0.335
2003E108 02:30:08.934 -09:04:35.68 0.472
2003E132 02:09:15.567 -03:35:41.80 0.244
2003E136 02:11:06.525 -03:47:56.03 0.361
2003E140 02:31:04.091 -08:10:56.73 0.606
2003E148 02:31:20.842 -08:36:13.55 0.427
2003E149 02:31:34.536 -08:36:46.38 0.491
2003E309 23:25:14.304 -09:44:28.47 0.280
2003F096 23:24:25.498 -08:45:50.90 0.408
2003F123 02:09:57.282 -03:32:26.76 0.526
2003F216 02:35:41.160 -08:06:29.78 0.596
2003F221 02:11:12.849 -04:13:51.98 0.442
2003F235 01:12:10.062 +00:19:51.87 0.417
2003F244 02:27:47.332 -07:33:45.30 0.544
2003F301 02:27:26.519 -08:42:24.52 0.519
2003F308 02:29:22.376 -08:37:38.31 0.388
GALEX Identification
For the FUV and NUV, we imposed slightly different criteria because the FWHM
PSF of the GALEX images is much larger, 5′′ compared with 1.35′′ in our optical
filters. To limit misidentification of host galaxies in the GALEX data, we require
the object to be detected in both the FUV and NUV filters, and for the object
to have a position centroid within 2′′ in each filter of the optical positions.
We err on the side of caution and inspect each image by eye, and we do not
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include any galaxy that is not obviously the same galaxy as in our optical images.
Consequently, the higher redshift objects in our sample have fewer UV detections
than the lower redshift objects, mainly because of sensitivity considerations but
also in part the apparent size of the host galaxy in the images.
While it is impossible to guarantee that our sample is free from misidentified
host galaxies, the above process ensures that the vast majority of objects in the
sample are correctly measured. This process has most certainly excluded host
galaxies with NUV detections that were not seen in the FUV filter. In those
cases where we have a positive optical identification of the host galaxy but not a
positive identification in both the FUV and NUV, we can still place a limit on the
SFR for these galaxies as we enable nondetections into our measurements of the
host-galaxy properties (§4.3.3). Since we classify these objects as nondetections,
we use the published FUV and NUV detection limits in Morrissey et al. (2005)
to calculate an upper limit for the SFR of the host, rather than the measured
limits at the location of the SN Ia in the images, even if we have a possible
detection in one of the bands. We chose this method because photometric
uncertainties and artifacts in the image from the reduction process may bias
these measurements compared to the well-established limits of the GALEX
surveys. This choice underestimates the SFR by no more than 2M yr−1, thereby
not adversely affecting our SFR measurements. Despite these issues, the value of
adding GALEX imaging greatly outweighs these few negative aspects. Figures
4.2, 4.3, and 4.4 in the Appendix show mugshots of our FUV and R images of
some of the host galaxies (the full set is available online).
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2003D085
2003D1002003D0992003D0972003D0932003D089
2003D0862003D0832003D0582003D033
Figure 4.2 Mugshots of SN Ia host galaxies in the ESSENCE survey from 2003 to show how we
correctly identified the host galaxy in our optical and UV images, and the range of ambiguity
in the process. For each object, the top image is 15′′ × 15′′ in the CTIO R filter. The bottom
image is 25′′ × 25′′ in the GALEX NUV filter. The red circle denotes the position of the SN Ia.
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2003E1482003E1402003E136
2003E1322003E1082003E0292003E0202003D117
2003E3092003E149
Figure 4.3 Same as Figure 4.2, for additional galaxies in 2003.
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2003F123
2003F3082003F301
2003F2442003F2352003F2162003F096
Figure 4.4 Same as Figure 4.2, for additional galaxies in 2003.
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4.3. Host Galaxy Photometry
4.3.1. Host Galaxy Measurements
We use Source Extractor (SExtractor; Bertin & Arnouts, 1996) for all photometric
measurements. SExtractor provides a variety of types of photometric measure-
ments, and we utilize 5 of those which are most relevant for this study and dataset:
MAG_PETRO, MAG_AUTO, MAG_APER, MAG_ISO, and MAG_ISOCORR.
MAG_PETRO fits an elliptical aperture around an object using a radius based
on the Petrosian (1976) radius, which is defined as
η(R) =
2pi
∫ R
0
I(R′)R′dR′
piR2I(R)
, (4.1)
where η is a parameter defining the fraction of the average surface brightness, I,
that is contained within a radius R. SExtractor calculates it by fitting a flexible
elliptical radius until ∼ 90% of the galaxy light is measured. MAG_AUTO is
similar to MAG_PETRO in that it also uses a flexible elliptical aperture to fit each
object with ≈ 90% of the galaxy light being contained; however, it is defined
by the Kron (1980) radius, which is supposed to more consistently measure the
flux level of a galaxy. SExtractor uses the Kron radius to define an object in an
image. The radius is calculated from the first-order moment of the maximum
weighted-mean pixel which is interpreted as the baryonic center,
R1(R) =
2pi
∫ R
0
I(x) x2 dx
2pi
∫ R
0
I(x) x dx
. (4.2)
MAG_APER is a circular aperture based on a radius as defined by the user.
We adopt a radius of 1′′ at the location of the SN. This photometry is used
for the purposes of reducing galaxy-light contamination in the SN spectra
in the ESSENCE survey (Matheson et al. 2013, in prep.) via the procedure
described in Foley et al. (2012a); Silverman et al. (2012). MAG_ISO is the simplest
photometric measurement in SExtractor; it uses common parameters needed
for all photometric types, specified by the user in the SExtractor configuration.
These include GAIN, which for our stacks is ∼ 0.40; MAG_ZEROPOINT, which
calibrates the magnitude scale and is determined for each image as described in
§3.4; and DETECT_THRESH, which sets the detection limit for objects above a
certain level of sky background, which we set to a 3σ level. Any pixels above
the background and detection limits are used in MAG_ISO and summed as the
flux measurement of an object. MAG_ISOCORR takes into account the flux lost
in the profiles of galaxies by assuming a Gaussian profile. While this works well
for disk galaxies, it fails on elliptical galaxies due to their extended profiles.
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We use the Kron photometry (see Tables 4.2 and 4.3) for our analysis in this
chapter, but we compare the other measurements as a sanity check in all cases.
Graham & Driver (2005) showed that the radius that is defined as the Kron
radius in SExtractor is accurate to 90% ± 5% of the total galaxy flux, while the
Petrosian radius is less reliable. In Figure 4.5, we compare Kron, Petrosian, and
Isophotal-Corrected magnitudes from one of our combined ESSENCE images by
comparing measurements of the same galaxy in different images. The Petrosian
magnitudes have the largest uncertainty in the magnitudes of the fainter objects,
mR > 23.5 mag, with some of the Petrosian magnitudes having σMR > 1 mag (see
Eq. 4.3). The Kron magnitudes have a very consistent magnitude-error relation
while performing well on the faint objects, in contrast to the Isophotal-Corrected
Magnitudes which have a larger scatter in the photometric measurements of the
same galaxy in different images and erratic error estimates, caused by SExtractor
adding an additional component to Eq. 4.3 to account for the profile of galaxies.
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Table 4.2 Observed Kron Photometry
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2003D033 > 23.00 - 23.62 0.31 - - - - 20.80 0.01 19.87 0.01 17.69 0.03
2003D058 > 23.00 - > 26.00 - - - - - 20.73 0.01 19.13 0.01 19.06 0.02
2003D083 > 23.00 - > 26.00 - - - - - 25.56 0.12 24.50 0.17 - -
2003D084 > 23.00 - > 26.00 - 22.67 0.10 - - 21.26 0.01 20.07 0.01 - -
2003D085 > 23.00 - 23.28 0.16 - - - - 22.20 0.02 21.53 0.03 21.78 0.22
2003D086 22.19 0.17 22.41 0.17 - - - - 21.38 0.02 19.96 0.02 - -
2003D089 > 23.00 - > 26.00 - - - - - 23.83 0.04 22.88 0.06 - -
2003D093 > 23.00 - 22.83 0.26 23.25 0.07 22.33 0.06 21.85 0.02 20.59 0.02 - -
2003D097 - - 23.62 0.26 - - - - 23.46 0.05 21.72 0.04 - -
2003D099 > 23.00 - > 26.00 - - - - - 23.32 0.04 22.92 0.06 - -
2003D100 20.79 0.09 21.90 0.10 - - - - 19.32 0.00 18.60 0.00 19.26 0.02
2003D117 20.62 0.09 21.98 0.14 21.61 0.02 - - 19.38 0.00 18.44 0.00 - -
2003D149 - - - - - - - - 20.35 0.01 19.88 0.01 - -
2003E020 24.78 0.76 22.62 0.18 - - - - 18.64 0.00 18.21 0.00 16.50 0.01
2003E027 - - - - - - - - 22.90 0.03 21.46 0.02 - -
2003E029 21.74 0.15 22.51 0.5 - - - - 19.55 0.00 18.73 0.00 - -
2003E108 > 23.00 - > 26.00 - - - - - 24.11 0.05 23.49 0.17 - -
2003E132 - - 21.08 0.06 - - - - 19.33 0.00 18.66 0.00 - -
2003E136 - - 24.88 0.36 - - - - 22.06 0.02 21.27 0.02 - -
2003E140 > 23.00 - 24.10 0.22 26.17 0.25 - - 22.64 0.04 23.80 0.10 - -
2003E148 21.46 0.14 23.86 0.27 23.81 0.08 21.70 0.03 21.93 0.01 21.17 0.01 - -
2003E149 > 23.00 - > 26.00 - 23.92 0.09 23.12 0.15 23.12 0.03 21.84 0.03 - -
2003E309 > 23.00 - > 26.00 - - - - - 23.69 0.11 24.20 0.13 - -
2003F096 > 23.00 - 25.21 0.43 - - - - 22.10 0.03 21.60 0.03 - -
2003F123 - - 23.54 0.28 - - - - 21.49 0.01 20.42 0.01 - -77
Table 4.2 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2003F216 > 23.00 - 23.58 0.07 24.29 0.12 - - 21.17 0.01 19.72 0.01 - -
2003F221 - - - - - - - - 20.70 0.01 19.33 0.01 - -
2003F235 > 23.00 - 25.71 0.74 - - - - 23.49 0.06 22.94 0.07 - -
2003F244 > 23.00 - 24.66 0.41 - - - - 23.66 0.10 22.94 0.07 - -
2003F301 22.54 0.25 21.72 0.14 - - - - 21.75 0.02 21.33 0.02 21.65 0.12
2003F308 > 23.00 - 23.03 0.13 - - - - 25.56 0.16 24.71 0.21 - -
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Table 4.3 Rest-frame Kron Photometry
ESSENCE ID MFUV σFUV MNUV σNUV MU σU MB σB MV σV MR σR
2003D033 -18.58 0.25 - - - - -21.04 0.03 -21.77 0.03 -24.63 0.03
2003D058 -18.43 1.00 - - - - -21.41 0.03 -23.01 0.03 -23.56 0.02
2003D083 -15.43 1.00 - - - - -16.65 0.15 -17.74 0.19 - -
2003D084 -16.10 1.00 - - - - -20.53 0.03 -21.54 0.03 - -
2003D085 -18.91 0.18 - - - - -18.87 0.03 -19.58 0.03 -19.70 0.21
2003D086 -17.56 0.19 - - - - -17.92 0.04 -19.23 0.04 - -
2003D089 -15.61 1.00 - - - - -17.16 0.04 -18.07 0.06 - -
2003D093 -19.02 0.26 -17.82 0.07 -19.33 0.06 -18.85 0.03 -20.09 0.02 - -
2003D097 -18.11 0.26 - - - - -17.78 0.06 -18.51 0.04 - -
2003D099 -13.90 1.00 - - - - -15.73 0.05 -16.20 0.06 - -
2003D100 -17.07 0.08 - - - - -19.25 0.02 -19.76 0.02 -19.92 0.02
2003D117 -18.24 0.15 -18.31 0.02 - - -20.49 0.02 -21.50 0.02 - -
2003D149 - - - - - - -20.17 0.03 -20.56 0.03 - -
2003E020 -16.52 0.19 - - - - -19.56 0.02 -20.16 0.02 -22.65 0.03
2003E027 - - - - - - -20.82 0.04 -21.71 0.04 - -
2003E029 -18.50 0.12 - - - - -20.81 0.02 -21.57 0.02 - -
2003E108 -15.85 1.00 - - - - -17.33 0.07 -17.82 0.17 - -
2003E132 -19.06 0.06 - - - - -20.35 0.02 -20.83 0.02 - -
2003E136 -16.48 0.40 - - - - -18.57 0.03 -19.27 0.04 - -
2003E140 -19.58 0.19 -16.24 0.25 - - -18.11 0.04 -18.55 0.10 - -
2003E148 -17.38 0.29 -17.33 0.08 -20.47 0.03 -19.22 0.03 -19.87 0.03 - -
2003E149 -16.00 1.00 - - -19.53 0.14 -18.54 0.03 -19.54 0.03 - -
2003E309 -14.69 1.00 - - - - -15.73 0.11 -16.03 0.13 - -
2003F096 -15.54 1.00 - - - - -18.81 0.03 -19.31 0.03 - -
2003F123 -16.12 1.00 - - - - -20.32 0.03 -21.22 0.03 - -79
Table 4.3 – Continued
ESSENCE ID MFUV σFUV MNUV σNUV MU σU MB σB MV σV MR σR
2003F216 -19.58 0.18 - - - - -21.09 0.03 -22.28 0.03 - -
2003F221 - - - - - - -20.39 0.03 -21.74 0.03 - -
2003F235 -16.34 0.70 - - - - -17.61 0.06 -18.11 0.08 - -
2003F244 -17.23 0.40 - - - - -18.20 0.11 -18.71 0.09 - -
2003F301 -16.15 1.00 - - - - -20.01 0.04 -20.27 0.04 -20.61 0.12
2003F308 -18.45 0.26 - - - - -15.40 0.19 -16.32 0.23 - -
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Figure 4.5 Comparing the Kron, Petrosian, and Isophotal-Corrected magnitudes in R. For
our ESSENCE host-galaxy analysis, the Kron magnitudes are the most reliable, as there
is little scatter in the measurements between multiple images. The Petrosian magnitudes
perform the worst, with the fainter objects, mR > 23.5 mag, having the largest uncertainties.
The Isophotal-Corrected magnitudes have poorly behaved error estimates, with an artificial
upper-limit to the magnitude-error relation, most likely a byproduct of the extra term added
to the error estimates to attempt to account for the profiles of the galaxies and thus unreliable.
In six instances, the location of the host galaxy was near the edge of the image
and SExtractor could not fit an aperture to these objects. To resolve this problem,
we used the “imreplace” package in the Image Reduction and Analysis Facility
(IRAF)3, where we added the lower 1σ deviation average sky background to
the edge of the image to enable SExtractor to fit the objects with an estimate
of the galaxy-free background. In all cases, the uncertainty from this process
is very small, but we propagate the errors in this process into the photometric
measurements of the respective host galaxy.
The photometric measurements errors as defined by SExtractor are
3IRAF is distributed by the National Optical Astronomy Observatory, which is operated
by the Association of Universities for Research in Astronomy (AURA), Inc., under cooperative
agreement with the NSF.
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σm = 1.0857
√
Aσ2 + Fg
F
g
, (4.3)
where A is the pixel area over which F (the total flux) is summed, σ is the standard
deviation of noise in from the background, and g is the GAIN parameter that
the user defines.
To photometrically calibrate our data to a standard system, we use stars from
the photometric catalog derived for the ESSENCE project (§4.2.1). We use stars
whose magnitudes are 16.5 < mR < 21.0, as bright stars are saturated in the
combined images, and faint stars have uncertainties too large for our needs. We
then measure the zero-point for a SN host galaxy by comparing the stars in
the combined images with those in the photometric catalog, and adjusting the
zero-point until both the median difference and the average difference of the
zero-points are within 0.04 mag. We computed both the median and average
difference as a self-consistency check against systematic errors. We complete this
process separately for the combined images that used an average sigma-clipping
algorithm and those that used the maximum/minimum rejections to ensure a
zero-point regardless of rejection method, ensuring no systematic bias in our
process. The differences in zero-point between the two rejection methods did
not exceed 0.03 mag.
4.3.2. Milky Way Extinction
To account for foreground extinction due to dust in the Milky Way, we used the
reddening maps from Schlegel et al. (1998). We calculated the relative extinction
and then normalized it to E(B−V) using the extinction law of Cardelli et al. (1989)
for a variety of bandpasses used in this thesis and follow-up work described in
5: the Canada-France-Hawaii Telescope (CFHT) MegaCam (Boulade et al., 2003),
CTIO MOSAIC II, GALEX (Martin et al. 2005; Morrissey et al. 2005), Gunn (Oke
& Gunn, 1983), the Hubble Space Telescope (HST) Advanced Camera for Surveys
(ACS) (Sirianni et al., 2005), Near Infrared Camera and Multi-Object Spectrometer
(NICMOS), Wide Field Planetary Camera 2 (Holtzman et al., 1995), and Wife Field
Camera 3 (WFC3) (Baggett et al., 2006), Infrared Astronomical Satellite (IRAS)
(Neugebauer et al., 1984), Johnson-Cousin (Bessell, 1990), Landolt (Landolt, 1992),
the Panoramic Survey Telescope & Rapid Response System (Pan-STARRS) (Onaka
et al., 2008), SDSS (York et al., 2000), SkyMapper (Keller et al., 2007), Strom¨gren
(Strömgren, 1956), the Spitzer Infrared Array Camera (IRAC) (Fazio et al., 2004)
and Multiband Imaging Photometer for Spitzer (MIPS) (Rieke et al., 2004), the
2 Micron All Sky Survey (2MASS) (Cohen et al., 2003; Skrutskie et al., 2006),
the United Kingdom Infrared Telescope (UKIRT) (Hewett et al., 2006) and the
Wide Field Infrared Survey Explorer (WISE) (Wright et al., 2010). Our values of
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relative extinction (A/AV) and normalized extinction (A/E(B−V)) are listed in the
Appendix, Table A.1. Values for bandpasses calculated by Schlegel et al. (1998)
for our optical filters and Wyder et al. (2005) for the GALEX filters are similar
to our calculated values of the same filters, with small differences attributed
to our use of slightly different filter functions which have been corrected to
reflect the fact that CCDs detect photons rather than energy (Bessell, 1990). Any
differences propagate through to less than 0.01 mags of extinction in AFilter. The
average extinction values for each of the ESSENCE fields in GALEX FUV and
NUV, CTIO BVRI and SDSS z are listed in Table 4.4.
Table 4.4 Average Extinction Per Field (magnitudes)
Field GALEX FUV GALEX NUV CTIO B CTIO V CTIO R CTIO I SDSS z
waa 0.33 0.35 0.16 0.14 0.12 0.08 0.07
wbb 0.24 0.28 0.12 0.10 0.09 0.06 0.05
wcc 0.17 0.19 0.09 0.07 0.06 0.04 0.04
wdd 0.25 0.27 0.13 0.11 0.09 0.06 0.06
4.3.3. K-Corrections and Spectral Energy Distributions
Trying to accurately compare galaxies at various redshifts with broad-band
photometry is a complicated issue because the SEDs of the galaxies have a
large diversity. Objects span a wide range of redshifts, and in some cases
only photometric lower limits instead of measurements exist. The process of
correcting observed galaxy photometry to the rest frame is traditionally done via
a K-correction (Oke & Sandage, 1968). For this project, we need accurate rest-
frame magnitudes for galaxies spanning 0 < z < 1 in order to accurately evaluate
differences and evolution in the intrinsic host-galaxy properties. Additionally, it
is important to have flexibility in the rest-frame system, since our SN Ia host-
galaxy photometry is spread across the GALEX, SDSS, and Johnson-Cousins
systems. While various K-correction procedures exist in the literature, we have
been unable to find one that can reliably meet all the requirements necessary
for this project’s SN Ia host-galaxy analysis. We developed our own, novel
K-correction procedure that converts observed-frame photometry to a rest-frame
magnitude system and determines the SED of the galaxy, accommodating the
GALEX, SDSS, and Johnson-Cousins systems inherent to our datasets.
Rather than using modeled galaxies (and the implicit assumptions on the ad-
equacy of the modeling that this entails), we make a simplifying assumption
that the SED of any galaxy we observe can be described as a linear combination
of any two types of locally observed galaxy types, ranging from ellipticals to
starbursts. Our 11 galaxy SED templates (see Table ??) are defined by Kinney
et al. (1996), who cover the main Hubble sequence (elliptical–Sc), and Calzetti
83
et al. (1994), who have a range of starburst galaxies. Both of these have spectra
from 120 nm through 1 µm; see Table 2 of Kinney et al. (1996) and Table 1 of
Calzetti et al. (1994) for a list of the individual galaxies used. While we do not
specifically include irregular galaxies in our templates, the starburst templates
cover a range of dwarf and irregular galaxies and are a good approximation of
these galaxies (Calzetti et al. 1994 elaborate more on this issue). The starburst
templates are defined by their Balmer decrement and the 2175 Å dust feature,
not by their SFR (Calzetti et al., 1994). Calzetti (1997) provides equivalent width
(EW) measurements of the Hα line in addition to SFRs for some of the galaxies
used to create the templates, which have a range in Hα EW of 40–320 Å.
We combine the UV and optical templates with near-infrared (IR) (1µm − 2.5µm)
spectra from Mannucci et al. (2001), which extended the galaxies used in Kinney
et al. (1996) into the near-IR, and Calzetti et al. (1996), which extended their
previous sample into the near-IR also. Mannucci et al. (2001) averaged the
individual near-IR galaxy observations into the same templates as Kinney et al.
(1996). Calzetti et al. (1996) provided raw spectra of the galaxies in their data
set, so we averaged the templates into the various classes in a similar process as
Calzetti et al. (1994). Additionally, we include mid-IR and far-IR observations
from WISE (Wright et al., 2010) and IRAS (Neugebauer et al., 1984) of the
individual galaxies of Calzetti et al. (1994); Kinney et al. (1996). Furthermore,
we extended the templates through radio wavelengths using data collated by
Schmitt et al. (1997, 2006), who performed a literature search compiling data in
various wavelengths for a variety of galaxies. All of this the data was averaged
to form UV - radio templates of the 11 galaxy classes, similarly to Calzetti et al.
(1994); Kinney et al. (1996). We made templates with the extended wavelength
coverage for use in future work as described in Ch. 5.
Using these templates, we cover the range of all galaxies using a series of linear
combinations
Si, j(λ, α) =
1
(1 + α)
Si(λ) +
α
(1 + α)
S j(λ)
i = 1, 11 j = 1, 11 i , j log10 α = (−2, 2),
(4.4)
where Si and S j are two spectral templates, α is a constant describing what
fraction the combined spectrum is of each of the templates, and Si, j(λ, α) are the
resultant combined spectra.
We then calculate synthetic magnitudes based upon the set of all linear combina-
tions of the redshifted observed-frame filter and desired rest-frame filter. This is
accomplished by multiplying the measured flux at each wavelength in the model
SED with the filter function at the corresponding wavelength, where we ensure
that we take into account the filter sensitivity. The filter curve is defined as
sensitivity to energy per unit wavelength. This routine does a simple trapezoid
integration of a filter curve multiplied by a spectrum. The trapezoid integration
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is intentional; a higher-order fit through the individual data points does not
conserve flux and is inappropriate for noisy data. The measured rest-frame
magnitude of a galaxy combination (i, j) at redshift z, in filter k, is given by
mk(i, j, α) = −2.5 × log10 × ((1 + z)
∫
Si, j(λ/(1 + z), α) Fk(λ) dλ∫
Fk(λ) dλ
) + ZPk, (4.5)
We define a χ2 statistic that describes how well each spectral template combination
is fit by the observed photometry with its associated errors. As a consequence
of having the luminosity, distance, and template brightness contributing to a ZP
offset (which is irrelevant to our analysis), we include this ZP offset in our χ2
statistic, but we then marginalize over it as a nuisance parameter:
χ2 =
(mObsk −mk(i, j, α) − ZP)2
σ2mk
where ∆χ2 = χ2 − χ2min ∆χ2 ≤ 1.
(4.6)
For all linear combination of templates, observed magnitudes, and synthetic
magnitudes, we marginalize over the ZP to obtain the range of possible galaxy
photometric measurements. We define the set of acceptable galaxy templates,
varying fractions of galaxies, filter transmission curve, and ZPs allowed by our
observed-frame photometry as being all combinations that are within ∆χ2 = 1
. We then take the set of acceptable galaxy templates to calculate the range of
acceptable synthetic magnitudes,
∑
N
mk(z = 0) =
∫
Si, j(λ, α) Fk(λ) dλ∫
Fk(λ) dλ
+ ZPk − ZP. (4.7)
We also utilize upper limits in our calculations. This is particularly useful, as
we have nearly complete coverage in FUV and NUV, but the sensitivity does
not allow us to detect all of our galaxies. All upper limits are 3σ confidence
limits in the case of nondetections, or the measured brightness of ambiguous
host galaxies. If the calculated synthetic magnitude of a template combination
exceeds this limit it is rejected, and below this threshold it is kept unpenalized,
mk(i, j, α) + ZPk > Fk(λ). (4.8)
While we realize that the ideal method is to calculate nondetections using the
measured flux rather than the magnitude, for tractability of the problem we
work in magnitudes.
In order to accurately represent our rest-frame magnitude, an associated uncer-
tainty needs to be calculated. This error not only contains the original uncertainty
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in the observed photometric measurement, but also an uncertainty produced
by the range of allowed SEDs, and the normalization of the allowed combina-
tions to the observed photometry. Therefore, we calculate the uncertainty for
any rest-frame magnitude by creating the set of SEDs S(λ, i, j, α) + ZP that are
consistent (within ∆χ2 ≤ 1), deredshift the SEDs to z = 0, and integrate them
with the desired rest-frame broadband filters. We set the 1σ uncertainty in the
transformation to be given by the total extent of this set of rest-frame magnitudes.
It is also useful to know the range of templates that are consistent with the data.
Since the K-correction is based on linear combinations of template fits, it is not
straightforward to represent a galaxy as a single type. We adopt a measure of
template goodness-of-fit by weighting by both the χ2 goodness-of-fit of any given
linear combination and the fractional contribution of each template in this linear
combination. We assign the relative estimated fraction of each template by
P(i, j, α) =
∑ 1
1 + α
e(−∆χ
2)/2 Si(λ) di +
α
1 + α
e(−∆χ
2)/2 S j(λ) dj. (4.9)
Note that for computational simplicity, we take only the K-correction values that
are within ∆χ2 of 1. Also, we do not marginalize over the ZP; instead, we simply
use the best ZP with valid templates in the calculation.
The final output includes the total probabilities for each template, and using a
probability distribution function we can estimate the galaxy type with a calculated
probability in the fit. This provides a measure of the level of ambiguity of the
galaxy type because of photometric uncertainty, but also due to the galaxy
potentially being a mixed galaxy type. For example, an E/S0 galaxy that has
exquisite photometry might show a high probability for being both an E and
an S0 template, but low probabilities for all of the other templates, whereas the
same galaxy with poorly constraining photometry would show consistency with
a wide range of templates and be truly ambiguous between templates. In §4.5,
we evaluate our SED routine by testing it with SDSS galaxies.
4.4. Host Galaxy Physical Measurements
Here we discuss host-galaxy physical measurements, as summarized in Table
4.5 (full version available online).
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Table 4.5 Host Galaxy Physical Properties
ESSENCE ID Galaxy Probability GCDNUV Reff−NUV R90−NUV cNUV NGCDNUV GCDR Reff−R R90,R cR NGCDR
Type Fit (%) (kpc) (kpc) (kpc) (kpc) (kpc) (kpc)
2003D033 Passive 90.00 1.38 3.37 10.31 3.06 0.41 6.96 3.86 11.26 2.91 1.80
2003D058 Passive 99.95 - - - - - 30.55 4.14 14.45 3.49 7.37
2003D083 Spiral 88.82 - - - - - 2.20 1.22 2.74 2.24 1.80
2003D084 Passive 99.98 - - - - - 0.42 3.64 9.19 2.52 0.11
2003D085 Starburst 99.98 3.04 4.13 14.00 3.38 0.73 2.92 2.45 7.29 2.97 1.19
2003D086 Starburst 98.65 2.47 4.29 15.07 3.51 0.57 6.28 2.83 7.43 2.62 2.21
2003D089 Passive 98.67 - - - - - 1.58 1.86 3.74 2.01 0.85
2003D093 Starburst 99.79 0.75 7.28 19.33 2.65 0.10 2.67 2.46 7.88 3.19 1.08
2003D097 Starburst 99.90 7.89 4.25 15.07 3.54 1.85 2.04 4.75 8.13 1.70 0.43
2003D099 Starburst 99.08 - - - - - 1.54 1.38 3.38 2.44 1.11
2003D100 Starburst 97.04 0.79 2.07 5.21 2.51 0.38 1.73 1.82 5.83 3.20 0.95
2003D117 Passive 59.89 4.53 5.64 17.27 3.06 0.80 13.68 3.57 16.26 4.54 3.82
2003D149 Starburst 99.77 - - - - - 6.11 3.77 13.22 3.50 1.62
2003E020 Passive 86.13 1.00 2.36 11.57 4.90 0.42 2.99 3.02 13.61 4.49 0.98
2003E027 Spiral 97.65 - - - - - 6.68 2.54 5.12 2.01 2.62
2003E029 Starburst 84.85 1.90 3.48 10.33 2.96 0.54 9.12 3.20 9.40 2.93 2.84
2003E108 Starburst 99.04 - - - - - 5.75 2.40 5.19 2.16 2.39
2003E132 Starburst 97.05 2.52 4.80 20.76 4.32 0.52 1.87 3.23 9.35 2.88 0.58
2003E136 Starburst 94.63 7.07 2.78 8.68 3.12 2.54 3.11 2.03 3.87 1.90 1.52
2003E140 Starburst 99.66 14.89 12.12 19.92 1.64 1.22 0.59 7.24 14.10 1.94 0.08
2003E148 Starburst 99.95 3.85 4.41 15.81 3.58 0.87 10.14 2.91 8.45 2.90 3.48
2003E149 Starburst 99.43 - - - - - 0.17 2.67 5.92 2.21 0.06
2003E309 Starburst 99.97 - - - - - 11.96 1.97 8.07 4.08 6.05
2003F096 Starburst 99.87 - - - - - 1.44 3.14 12.04 3.82 0.4587
Table 4.5 – Continued
ESSENCE ID Galaxy Probability GCDNUV Reff−NUV R90−NUV cNUV NGCDNUV GCDR Reff−R R90,R cR NGCDR
Type Fit (%) (kpc) (kpc) (kpc) (kpc) (kpc) (kpc)
2003F123 Spiral 94.69 - - - - - 0.80 2.75 7.42 2.69 0.29
2003F216 Passive 94.99 2.79 10.82 19.05 1.76 0.25 3.47 4.54 17.17 3.77 0.76
2003F221 Passive 99.96 - - - - - 2.79 4.61 17.25 3.74 0.60
2003F235 Starburst 95.23 3.70 2.32 8.30 3.58 1.59 3.94 2.56 8.91 3.47 1.54
2003F244 Starburst 99.03 0.75 3.52 6.89 1.95 0.21 6.46 2.44 7.73 3.16 2.64
2003F301 Spiral 99.91 - - - - - 2.38 4.78 18.07 3.77 0.49
2003F308 Starburst 98.99 7.64 5.61 12.19 2.17 1.36 1.44 1.71 4.09 2.38 0.84
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4.4.1. Galaxy Size
The size of a galaxy and its concentration (i.e., the degree to which its light is
confined to the central region) provide an additional means for classifying and
investigating galaxies rather than simply relying on their photometric properties
(Bernardi et al., 2010). Physical size measurements of a galaxy can be used to not
only separate broad categories of galaxy types [e.g., early/late](Nakamura et al.,
2003), but even more specific types of galaxies such as dwarf ellipticals and mas-
sive ellipticals (Kormendy, 1987). We use three of the galaxy radii that SExtractor
calculates to measure these properties: PETRO_RADIUS, KRON_RADIUS, and
FLUX_RADIUS. All of our measurements are done in R, as these are our deepest,
most-resolved images. Where possible, we also calculate it for the GALEX filters,
but the low resolution of GALEX limits the utility of the measurements.
The PETRO_RADIUS and KRON_RADIUS are the radii used to determine their
respective photometry, Petrosian and Kron. 2.5 times each of these radii represent
the 90%-light radius (R90) of the galaxy. Because we use the Kron photometry as
described in §4.3.1, we adopt the KRON_RADIUS as our R90 radius. However, we
used the PETRO_RADIUS as a check to ensure that none of our measurements
or results depend on our selection of radii. Any changes in the galaxy-size
measurements were small and consistent with the uncertainties, confirming that
our choice of radii does not affect our results.
The FLUX_RADIUS is a user defined radius wherein a photon fraction limit is
supplied in order to obtain a specific amount of flux in an aperture. SExtractor
accomplishes this by fitting the Kron radius until the desired fraction of light
with respect to flux from the R90 radius is obtained. We set the photon fraction
limit to 0.5 or 50% of the total galaxy light. The half light (R50), or effective
radius (REff), is a standard measurement of galaxy size and is used to compare
various galaxy types as it is more consistent than the R90 radii which is affected
by the diffuse extended profiles of the galaxies.
Next, we convert our measurements from the observed frame to more useful
measurements in kiloparsecs (kpc), which can be calculated using the cosmolog-
ical angular equation for a flat, Λ CDM Universe using the redshift of the host
galaxy or the SN when the host-galaxy redshift is unknown. Using the radii in
physical units, we can calculate the concentration (c) of the galaxy,
R(kpc) =
c
H0(1 + z)
∫ z
0
1
((1 + z)2 ∗ (1 + zΩM) − zΩΛ(2 + z))1/2
R(arcsec) ∗ 103
206265
, (4.10)
with z being the redshift of the host galaxy or the SN when the host galaxy
redshift is unknown, H0 is the current expansion rate of the Universe in units
km/s/Mpc, ΩM, and ΩΛ are the cosmological density parameters. Using the
radii in physical units, we can calculate the concentration of the galaxy
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c = R90/REff. (4.11)
Galaxies having c < 2 are more heavily concentrated, with very little extended
emission in their profiles, while those with c > 2 are more diffuse, as seen in
galaxies that have undergone a recent merger (Fukugita et al., 2007).
4.4.2. Host - SN Separation
Additional information about the SN, such as the stellar population from which
the progenitor was formed, can be gained by looking at its position within the
host galaxy. As described in §4.2.4, accurate positions of the SN are recorded,
but the host galaxy’s position is less defined.
The Kron (1980) radius as defined by SExtractor is sensitive to the resolution
of the host galaxy; however, the determination of the center of the galaxy is
still accurate to 2 pixels, as poor resolution affects the profiles of the galaxies
more than the cores. Using this position, we calculate the galactocentric distance
(GCD) per filter between the host galaxy and the SN in arcseconds. We next
determine the galaxy inclination angle, in order to correct for projection effects.
We define the galaxy inclination angle as:
θI = arccos(B/A) (4.12)
where B is the minor axis and A the major axis. This assumes that the major and
minor axis should be equal, and the therefore the galaxy circular. While this is
not ideal, it is the best way to correct for projection effects. Once we determine
the inclination angle, we normalize the galaxy by the inclination angle, bringing
all the galaxies to a face-on reference frame (or an angle of 0◦). We then project
the SN to be inline with the major axis of the galaxy, eliminating projection
effects,
GCD = cos(θI) × (1 + cos(θPA − θSN)) × GCD, (4.13)
where θPA is the position angle of the host galaxy, and θSN the position angle of
the supernova. We finally then convert this distance into units of kilo parseconds,
and normalize the separation by the half-light radius, to get us a normalized
galactocentric distance (NGCD).
4.4.3. Star Formation Rates
The rest-frame UV is a powerful tool for tracing the star-formation history and
properties of galaxies through a vast range of redshifts (Kennicutt, 1998), and
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is able to be used even when dust extinction is large (Adelberger & Steidel,
2000). Furthermore, for galaxies with z < 1, the SFR is low, so the optical is too
insensitive to the SFR, and one needs the UV to accurately measure it (Kaviraj
et al., 2005). Empirical relations have been derived to determine the SFR of
a galaxy from the UV flux, the most widely accepted of which comes from
Kennicutt (1998) using the Salpeter (1955) initial-mass function (IMF),
SFR = 1.4 ∗ 10−28 Lν, (4.14)
where SFR is in units of M yr−1 and Lν is in ergs s−1 Hz−1. However, Salim et al.
(2007) used a large set of galaxies with GALEX UV and SDSS optical imaging to
evaluate the accuracy of this conversion and to derive a relation specific to the
GALEX filters and capabilities. Using Bruzual & Charlot (2003) models and the
Chabrier (2003) IMF, they found that the conversion factor is lower by ∼ 30%,
SFR = 1.08 ∗ 10−28 Lν, (4.15)
where SFR and Lν have the same units as in Eq. 4.14. Salim et al. (2007) discuss
the various reasons why there is a discrepancy between the two conversions,
concluding that the major contributor is that they used a larger, more diverse
set of galaxies to calibrate their relation. Since our UV data are from the GALEX
mission, we use the Salim et al. (2007) relation. However, if we were to use the
Kennicutt (1998) relation, only the absolute values would be affected, while the
relation between the galaxy types would remain the same.
Figures 2, 3, and 11 of Salim et al. (2007) show the reliability of their method
in comparison to Hα-derived SFRs. For normal galaxies, the two methods are
consistent. Figure 14 of Salim et al. (2007) shows that the UV-determined SFR
from the relation in their paper and SED modeling agree very well, thereby
assuring us that the method we chose will produce results as accurate as those
from more complex or involved methods.
Our dataset has an average redshift of 0.5 and the NUV filter has an effective
wavelength of 2271 Å (Morrissey et al., 2005); when redshifted, it corresponds
to the effective wavelength of the FUV filter, 1528 Å. We use these K-corrected
absolute FUV magnitudes, MFUV, to determine the SFRs for our host galaxies.
We first need to convert MFUV to LFUV, which we do by using the standard
equation
LFUV = 100.4(M,FUV−MFUV), (4.16)
in units of L, where M,FUV is the absolute FUV magnitude of the Sun (16.42).
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Non Detection Star Formation Rates
As we described in §4.2.2, we have nearly complete UV coverage through the MIS
of GALEX. The MIS has sensitivities of mFUV = 22.6 mag and mNUV = 22.7 mag
(Morrissey et al., 2005), and although our deep UV GI imaging time extended
the limit to mNUV = 25.1 mag, about 50 of our host galaxies have no measurable
UV flux in the images. However, we can use these nondetections to calculate an
upper limit of the SFR. We determine the SFR upper limit by using the value
of MFUV that was calculated from our SED fit (§4.3.3), which used mFUV > 23
and mNUV > 23 mag. We only calculate a nondetection SFR for host galaxies that
have GALEX coverage and for which we are confident we have null detections
in both FUV and NUV; as stated previously, this occurs more for the higher
redshift SN than the lower redshift SN. For the 12 objects that had an ambiguous
NUV detection and no FUV detection, we do not calculate any SFR.
Star Formation Rate Corrections
While the UV light is sensitive to recent and ongoing star formation, it is not
the only contributor to the UV flux in a galaxy; old-population stars, such as
blue horizontal branch (BHB) stars, also emit in the UV. Usually the emitted flux
from these objects is negligible compared to that from star formation; however, it
could be the largest source of UV emission in a system where little or no active
star formation is present (Brown et al., 2000). At the redshifts in our sample,
these systems will have a different formation time than at z = 0, but we feel it
is prudent to try to correct for this possible UV flux in our early-type galaxies
(§4.6.2).
Both Rich et al. (2005) and Yi et al. (2005) conducted studies using GALEX and
SDSS colors to detect the presence of UV flux in elliptical galaxies and determine
the source of their UV excess (UVX). They concluded that early-type systems
with no active SFR have FUV − V > 5.5 mag, and any UV flux in these systems
is from BHB stars. We use this limit to derive a correction for the UV emission
from these stars,
MFUVCorr = 5.5 − (FUV − V), (4.17)
where MFUVCorr would be the correction in magnitudes to the UV emission due
to star formation. If MFUVCorr ≤ 0, we set MFUVCorr to zero. We then calculate the
SFR using the corrected magnitude for the galaxy if it had no BHB stars, giving
us SFRCorr (in M yr−1),
SFRCorr = 1.08 × 10−28 × (1 − 100.4(MFUVCorr )). (4.18)
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For host galaxies with a high SFR, SFRCorr is small and has a negligible effect on
the SFR of the galaxy. For a galaxy that already has a very red color, FUV−V > 5.5
mag, there is a sizable effect; however, these galaxies have essentially no SFR
with any UV light due to BHB stars, threfore correcting the SFR to what it should
be. The biggest impact is on the moderate galaxy, 3.5 < FUV − V < 5.5 mag,
which are early-type galaxies that exhibit UV emission. We have 16 passive
galaxies in this color range (out of 34). These are the galaxies which we desire
to correct; they are the most likely to show contamination, and we want to see
whether the UV emission is actually a UVX from star formation.
4.4.4. Stellar Mass
We calculate stellar masses for our host galaxies by using stellar mass-to-light
(M/L) ratios, as they allow easy transitions between the photometric properties
of a galaxy and the physical dynamics of a variety of galaxy types, including
dwarf galaxies (Kirby et al., 2008). Bell & de Jong (2001) conducted a thor-
ough investigation, discovering the dependence of stellar M/L ratios on galaxy
properties, the largest of which is galaxy color. They provide conversions from
various bandpasses and colors into stellar mass. They have normalized all of
the photometric bandpasses so that the results are independent of the choice of
filter.
We use the B0 − V0 color and B0 magnitude relation to calculate the stellar mass.
We also adopt the conversion for a scaled Salpeter IMF using Bruzual & Charlot
(2003) models with Z = 0 metallicity, which they conclude are the preferred
models that provide the best fit to observations. However, this assumes an IMF
independent of galaxy type, which is the largest source of uncertainty. In our
uncertainties for stellar mass, we calculate the dispersion in mass estimates using
the tested models (Bruzual & Charlot, 2003; Fioc & Rocca-Volmerange, 1997) in
Bell & de Jong (2001), different IMFs, and various metallicities (Z = 0, 0.008, 0.02).
4.4.5. Specific Star Formation Rate
For those host galaxies having a measured SFR and stellar mass, we can calculate
a specific star-formation rate (sSFR), which is the SFR normalized by the host-
galaxy stellar mass,
sSFR = SFR/MHostGalaxy. (4.19)
The sSFR tells us how many new stars are being formed relative to the current
size of the galaxy — in other words, how efficient a galaxy is in forming new
stars. A sample of the sSFR and other derived properties of host galaxies are
given in Table ?? with the full version available online.
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Table 4.6 Host Galaxy Derived Properties
ESSENCE iD Mass σMass SFR σSFR sSFR σsSFR
log M M/yr yr−1
2003D033 11.89 0.26 14.30 3.06 -11.74 0.49
2003D058 11.18 0.26 11.51 12.13 -11.42 1.08
2003D083 9.19 0.33 0.81 0.69 -9.28 0.12
2003D084 11.35 0.26 1.06 1.27 -11.32 0.11
2003D085 9.47 0.33 20.07 3.08 -8.16 0.49
2003D086 10.96 0.27 5.76 0.93 -10.20 0.01
2003D089 9.80 0.27 0.95 0.81 -9.82 0.07
2003D093 10.20 0.26 22.17 4.75 -8.85 0.68
2003D097 9.85 0.27 9.57 2.05 -8.87 0.32
2003D099 8.25 0.27 0.20 0.17 -8.96 0.49
2003D100 9.37 0.26 3.61 0.26 -8.81 0.43
2003D117 11.35 0.26 10.43 1.40 -10.33 0.15
2003D149 9.84 0.26 - - - -
2003E020 11.47 0.26 2.10 0.36 -11.15 0.35
2003E027 10.52 0.27 - - - -
2003E029 10.93 0.26 13.34 1.44 -9.80 0.17
2003E108 8.92 0.32 1.19 1.01 -8.85 0.03
2003E132 10.11 0.26 22.89 1.24 -8.75 0.10
2003E136 9.88 0.27 2.09 0.66 -9.56 0.15
2003E140 7.59 0.29 37.32 5.99 -6.02 0.78
2003E148 10.03 0.26 4.82 1.15 -9.35 0.07
2003E149 10.55 0.26 1.31 1.16 -10.43 0.08
2003E309 6.71 0.30 0.41 0.35 -6.99 0.34
2003F096 9.53 0.26 0.85 0.76 -9.61 0.09
2003F123 11.02 0.26 1.20 1.30 -10.94 0.12
2003F216 11.97 0.26 36.44 5.70 -10.41 0.76
2003F221 11.04 0.26 - - - -
2003F235 9.05 0.28 1.87 0.90 -8.78 0.03
2003F244 9.33 0.29 4.25 1.32 -8.70 0.13
2003F301 9.54 0.30 1.44 1.33 -9.38 0.14
2003F308 9.10 0.34 19.06 4.06 -7.82 0.61
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4.5. SED and Photometry Verification
4.5.1. Verifying ESSENCE Photometry
We performed a check on our galaxy photometry to verify that our chosen
methods contain no systematic problems. We took galaxies in our ESSENCE
fields that had SDSS coverage and compared both observed-frame and rest-frame
photometry of our measured ESSENCE B,V,R, I photometry and measured SDSS
u′, g′, r′, i′, z′ photometry. We used observed-frame filter transformations from
Blanton et al. (2003) to convert between our Johnson-Cousins B,V,R, I photometry
and SDSS u′, g′, r′, i′, z′ photometry. We also used the observed photometry from
both our ESSENCE images and SDSS to measure an SED with our SED-fitting
process in §4.3.3, and we determined rest-frame magnitudes in both the Bessell
and SDSS systems, subsequently comparing the two results.
Table 4.7 shows the average difference between our ESSENCE photometry and
the SDSS photometry for both our Bessell and SDSS filters (in both the observed
and rest frames). There is no systematic difference between the Bessell and SDSS
systems. The largest difference occurs in the U,u′ and I, z′ filters, where the
difference is 0.06 mag, less than the total error in the measurement (a combination
of uncertainties in photometry, SED fitting, and filter transformation). We are
therefore confident that our selection of photometry and subsequent steps have
no systematic problems that would bias our measurements of the host-galaxy
properties.
Table 4.7 Average difference between ESSENCE and SDSS photometry
Filter Average σ∆
∆mESSENCE−mSDSS
U 0.06 0.02
B -0.04 0.02
V 0.03 0.03
R 0.05 0.02
I -0.06 0.03
u’ 0.06 0.02
g’ -0.04 0.02
r’ 0.03 0.03
i’ 0.04 0.02
z’ -0.06 0.03
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4.5.2. SED Fitting
As we are using a new SED-fitting process, we need to verify that there are
no biases or systematic problems in our measurements and determination of
galaxy properties. We took a random sample of 10,000 galaxies in SDSS, used
the photometry of these galaxies to derive an SED, and compared it to the SDSS
optical spectrum of each galaxy. Our only constraint on the sample is that the
galaxies had both photometry and spectra, placing no other constraints on the
sample in order to probe a wide range of galaxy morphologies, colors, redshifts,
and properties such as SFR, mass, and sSFR; these cover not only the range of a
general galaxy population but also our ESSENCE SN Ia host-galaxy population.
For this verification, we repeat all of the steps in §4.3 except for measuring
the photometry, where we used the supplied SDSS photometry. For the SDSS
photometry, we take the non extinction-corrected Petrosian magnitudes and
associated errors. Additionally, we included GALEX photometry of the objects
where available by crossmatching the SDSS positions with GALEX to get FUV
and NUV photometry (∼ 75% of the sample). We limited matches to be within
2′′ of the SDSS position. Where applicable, we incorporated GALEX limits for
the objects as we did with our ESSENCE data (§4.3.3).
Figures 4.6, 4.7, 4.8, and 4.9 show a few examples of this process. In each figure,
the top-left panel has the SDSS normalized spectrum in blue, our normalized
SED fit in red, and the normalized SDSS flux photometry in black points with
the respective error bars. The bottom panel shows the residual between the
SDSS spectrum and our SED in black and the 200 Å binned residual in red. The
right panel shows the SDSS composite image in a 50′′ × 50′′ postage stamp of
the galaxy. Figure 4.6 is an example of our average fit which reproduces the flux
and features in the SDSS spectra to an accuracy of 98% [root-mean square (RMS)
of 0.02]. Figures 4.7, 4.8, and 4.9 are examples of the three common problems
found in this process, resulting in poorer fits.
Figure 4.7 is an example of improper fitting of z-band photometry, reducing
the overall goodness-of-fit to the SDSS spectrum. The cause is either problems
in the z filter curve (i.e., the transmission curve being overestimated) or large
uncertainties in the photometry. While this is the most significant problem we
found, the fit is affected by only a few percent and thus is not material to our
analysis.
Figure 4.8 is an example of a poor fit because of the SDSS spectrum. As a result
of either low S/N or incomplete sky subtraction, some fits were affected by a few
percent. Additionally, as SDSS uses fiber spectra, the core of the galaxy is only
covered, which in some cases, can be different than the larger area covered by
photometry. However, as this is not a result of our SED-fitting process, we are
not concerned. Figure 4.9 shows that our process is not able to fully reproduce
the strength of all the spectral features. This is expected as we are using an
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incomplete library of models, and of no consequence to our method because we
are not using spectral lines to measure galaxy properties.
In Figures 4.10, 4.11, and 4.12 we show the RMS fit values for the galaxies used
in our verification with respect to galaxy type (Fig. 4.10), a range of galaxy
colors (Fig. 4.12), and galaxy redshift (Fig. 4.12). We also show the RMS fit, the
standard deviation in the RMS, and the number of galaxies in each category per
galaxy template in Table 4.8, for a range of galaxy colors in Table 4.9, and by
redshift in Table 4.10.
For the galaxy templates, we classify a galaxy when one template or a combination
of templates has a probability fit (Eq. 4.9) of P > 95%. For example, an E/S0
galaxy might not have a 95% probability in either of the individual templates, but
the combined probability of the two templates does. Those galaxies classified as
mixed do not have any preference to a galaxy type or mix of galaxy types from
Eq. 4.9, usually because of poor photometry. The only systematic problem we
found is starburst galaxies having a slightly higher residual due to the inability
to fully fit the strength of the emission features ([O III], Hα). We find no bias
based on galaxy color. In Table 4.10, we find that the RMS increases as the
redshift of the galaxy increases; the spectra have low S/N ratios, decreasing the
number of features that can be accurately reproduced.
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Figure 4.6 SED fit of an elliptical galaxy at z = 0.113. In the left panel, the top plot has the SDSS normalized rest-frame spectrum in blue, our
normalized SED fit in red, and the normalized SDSS flux photometry in black points with the respective photometric error bars. The bottom plot
shows the residual (using our SED as reference) in black and the 200 Å binned residual in red. The right panel shows the SDSS composite image in
a 50′′ × 50′′ mugshot. Our SED reproduces 98% of the normalized flux in the SDSS spectrum. Our SED fit reproduces the absorption features, and
the SED fits the observed photometry very well. The image of the galaxy also confirms that it is morphologically elliptical. This fit is an example
of a typical fit; the majority of the galaxies we tested through this process have SEDs that reproduce the SDSS spectra to within a few percent.
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Figure 4.7 SED fit of an elliptical galaxy at z = 0.100. In the left panel, the top panel has the SDSS normalized spectrum in blue, our normalized
SED fit in red, and the normalized SDSS photometry in flux in black points with the respective photometric error bars. The bottom panel shows
the residual (using our SED as reference) in black and the 200 Å binned residual in red. The right panel shows the SDSS composite image in a
50′′ by 50′′ mugshot. The overall fit is a good except for the z band, which does not fit the SED model well, which happens for some galaxies. This
is either the result of poor z or u band photometry that has larger errors and weights the fit either on the blue or red side.
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Figure 4.8 SED fit of an elliptical galaxy at z = 0.149, with possible AGN activity. In the left panel, the top panel has the SDSS normalized spectrum
in blue, our normalized SED fit in red, and the normalized SDSS photometry in flux in black points with the respective photometric error bars.
The bottom panel shows the residual (using our SED as reference) in black and the 200 Å binned residual in red. The right panel shows the SDSS
composite image in a 50′′ by 50′′ mugshot. This object shows a higher rms residual, due to a low signal-to-noise SDSS spectrum, which has caused
extra features. Even with the bad spectrum, we still reproduce 96% of the normalized flux in the SDSS spectrum.
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Figure 4.9 SED fit of a star-forming late-type spiral galaxy at z = 0.117. In the left panel, the top panel has the SDSS normalized spectrum in blue,
our normalized SED fit in red, and the normalized SDSS photometry in flux in black points with the respective photometric error bars. The
bottom panel shows the residual (using our SED as reference) in black and the 200 Å binned residual in red. The right panel shows the SDSS
composite image in a 50′′ by 50′′ mugshot. While the rms is high for this object, it is because we do not fully reproduce the strength of the Hα
emission line, and the SDSS spectrum has not had the sky line at ≈ 5000 Å properly subtracted, thus adding extra signal that we do not fit.101
Figure 4.10 RMS fits (in units of % of normalized flux) of the 10000 SDSS galaxies used in validating our SED fitter. We show the RMS fits versus
the galaxy type. The top row shows the whole range of rms values for the various galaxy colors, while the bottom row shows the concentrated
range of rms values below 0.2, showing the majority of rms fits occur below 0.05 in all galaxy colors.
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Table 4.8 SED Fit by Galaxy Template
Galaxy Template Average RMS (% Flux) σRMS Number of Galaxies
Elliptical 0.03 0.02 1393
S0 0.03 0.02 544
Sa 0.03 0.02 719
Sb 0.03 0.02 372
Sc 0.06 0.03 268
Starburst 1 0.07 0.05 335
Starburst 2 0.08 0.07 236
Starburst 3 0.05 0.05 354
Starburst 4 0.06 0.02 322
Starburst 5 0.07 0.05 296
Starburst 6 0.04 0.03 435
Elliptical+S0 0.02 0.02 591
S0+Sa 0.02 0.02 950
Sa+Sb 0.03 0.05 142
Sb+Sc 0.04 0.03 79
Elliptical+S0+Sa 0.02 0.02 664
S0+Sa+Sb 0.03 0.04 143
Sa+Sb+Sc 0.03 0.03 61
Elliptical+S0+Sa+Sb 0.02 0.03 510
Starbursts 1-6 0.04 0.03 483
Sc+Starbursts 1-6 0.05 0.03 165
Mixed 0.03 0.02 1174
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Figure 4.11 RMS fits (in units of % of normalized flux) of the 10000 SDSS galaxies used in validating our SED fitter. We show the RMS fits versus
three galaxy colors: g-r, g-i, and u-z. The top row shows the whole range of rms values for the various galaxy colors, while the bottom row
shows the concentrated range of rms values below 0.1, showing the majority of rms fits occur below 0.05 in all galaxy colors.
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Table 4.9 SED Fit by Galaxy Color
Galaxy Color Average RMS (% Flux) σRMS Number of Galaxies
g − r < 0.25 0.05 0.06 212
0.25 < g − r < 0.50 0.06 0.05 1192
0.50 < g − r < 0.75 0.02 0.03 4874
0.75 < g − r < 1.00 0.02 0.02 3406
g − r > 1.00 0.03 0.06 316
g − i < 0.25 0.04 0.07 111
0.25 < g − i < 0.50 0.05 0.04 433
0.50 < g − i < 0.75 0.04 0.05 1288
0.75 < g − i < 1.00 0.02 0.03 2152
1.00 < g − i < 1.25 0.02 0.02 4875
1.25 < g − i < 1.50 0.03 0.05 1009
g − i > 1.50 0.04 0.07 132
u − z < 1.00 0.06 0.06 95
1.00 < u − z < 2.00 0.04 0.06 1346
2.00 < u − z < 3.00 0.02 0.03 3552
3.00 < u − z < 4.00 0.02 0.02 4477
4.00 < u − z < 5.00 0.03 0.04 199
5.00 < u − z < 6.00 0.05 0.05 169
u − z > 6.00 0.04 0.04 162
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Figure 4.12 RMS fits (in units of % of normalized flux) of the 10000 SDSS galaxies used in validating our SED fitter. We show the RMS fits versus
the redshifts of the galaxies in three redshift bins: 0 < z < 2, 0 < z < 0.5, and 0 < z < 0.2. The top row shows the whole range of rms values for
the various galaxy colors, while the bottom row shows the concentrated range of rms values below 0.2, showing the majority of rms fits occur
below 0.05 in all galaxy colors.
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Table 4.10 SED Fit by Redshift
Redshift Average RMS (% Flux) σRMS Number of Galaxies
z < 0.05 0.02 0.05 873
0.05 < z < 0.10 0.02 0.04 3111
0.10 < z < 0.15 0.02 0.02 2864
0.15 < z < 0.20 0.02 0.02 1298
0.20 < z < 0.25 0.03 0.02 521
0.25 < z < 0.30 0.03 0.03 283
0.30 < z < 0.40 0.04 0.04 673
0.40 < z < 0.50 0.05 0.05 309
0.50 < z < 0.75 0.06 0.05 51
0.75 < z < 1.00 0.07 0.09 5
z > 1.00 0.09 0.08 12
4.5.3. SED Dependancies on Filters
While every galaxy has both R and I images, our GALEX FUV and NUV and
optical B,V, z′ coverage varies. If our SED fitting process has a dependency
based on the number of filters or the specific filters used, then the derived
galaxy properties can be potentially biased. In Table 4.11 we check the average
dispersion in rest-frame magnitudes based on input filters. For each calculated
rest-frame magnitude, we show the average change in magnitude based on which
filters were used in the SED fit.
When five or more filters are used, the change in final rest-frame magnitude
does not exceed the photometric uncertainty, validating the method. The only
significant change in the final rest-frame magnitude involved either the B or z
bands when four or fewer filters were used. On average, the change is slightly
more than the photometric uncertainty. Given that in most cases, if we have
either the B or z filter there are also additional filters, this does not pose a
significant problem.
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Table 4.11 Variations in Magnitudes by Input Filter
Filters ∆MFUV ∆MNUV ∆MU ∆MB ∆MV ∆MR
Magnitudes
RI - - - 0.02 0.01 -
BRI - 0.02 - 0.04 0.02 -
VRI - - 0.02 0.02 0.01 -
RIz - - - 0.05 0.05 0.06
BVRI - 0.01 0.02 0.01 0.01 -
BRIz - 0.05 - 0.05 0.05 0.06
VRIz - - 0.01 0.01 0.01 0.01
FUVNUVRI 0.01 - - 0.01 0.01 -
BVRIz - 0.02 0.02 0.01 0.02 0.02
FUVNUVBRI 0.01 0.02 - 0.01 0.01 -
FUVNUVVRI 0.01 - 0.01 0.01 0.01 -
FUVNUVRIz 0.01 - - 0.01 0.01 0.01
FUVNUVBVRI 0.01 0.01 0.01 0.01 0.01 -
FUVNUVBRIz 0.01 0.01 - 0.01 0.01 0.01
FUVNUVVRIz 0.01 - 0.01 0.01 0.01 0.01
FUVNUVBVRIz 0.01 0.01 0.01 0.01 0.01 0.01
4.6. Results
Our study allows us to investigate the dependencies of SN properties on various
galaxy properties. In particular, we investigate the UV properties of our passive
galaxies, SN properties and normalized location, and host-galaxy properties as a
function of SN distance measurements. As a few of our SN do not have clear
spectroscopic confirmation of the SN being of Type Ia, we only use definite
SN Ia (as identified by both spectra and photometry) in the cosmological trend
analysis.
To search for trends between host-galaxy properties and SN distance estimates,
we employ the LINMIX package (Kelly, 2007), which uses a Markov chain Monte
Carlo (MCMC) analysis, by marginalizing during the calculation of posterior
probabilities. Our fits take into account measurement errors from the host-galaxy
properties as well as measurement error covariance in the SN light-curve fitting.
We fit a Gaussian to the posterior probability distribution and use the standard
deviation to calculate the σ significance of the slope. We also calculate the
percent of slopes opposite to the slope calculated through our Gaussian fitting.
Additionally, we fit a single quadratic equation to each sample, which has the
advantage of covering the entire SN Ia population. We do this by using the
Levenberg-Marquardt algorithm, which iterates the parameters until it converges
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to a χ2 value. We also attempt to fit a step function, but all fits were consistent
with a constant.
4.6.1. Multiple SN Ia in Same Host Galaxy
Supernova that are discovered in the same host galaxy offer a unique means of
comparing the properties of the host galaxy and supernova. In our data set, we
have two SN Ia that exploded in the same galaxy, 2002B013 and 2003E148. The
mugshots of the host galaxy showing the positions of both SN can be seen in
Fig. 4.13. In Fig .4.13, both are removed from the main light of the host galaxy,
however they lie on opposite sides of the host galaxy.
Figure 4.13 Mugshots of the host galaxy of 2002B013 and 2003E148. On the left is the GALEX
NUV image, R image in the center, and the I image on the right. The red circle on the left
denotes the position of 2003E148 while the circle on the right is that of 2002B013.
Firstly, as we use different sets of images for the two SN, we have an additional
means of looking for biases and errors in measuring the galaxy photometry and
deriving host galaxy properties. The observed-frame and rest-frame photometry
is in excellent agreement, to better than 0.01 magnitudes, giving us further
validation of our photometric methods. Likewise, the derived galaxy properties
of SFR, Mass, and sSFR are in excellent agreement, where ∆2003E148−∆2002B013 < 1%.
This agreement instills belief in our measurements and the accuracy of the
conclusions we can draw from them.
Additionally, with multiple SN in the same host, we can examine local versus
global effects. If correlations and effects of the SN with respect to the host galaxy
are on a global nature (i.e. the whole host galaxy), then the properties of both
SN should be relatively the same. Likewise, if the correlations are on a more
local scale (the immediate location of the SN), then you might expect differences
in the properties of the SN.
Table 4.12 Properties of 2002B013 and 2003E148 in the Same Host Galaxy
SN zSN µ ∆µ MLCS ∆ MLCS AV SALT2 Color mBSN mVSN
2002B013 0.4274±0.0005 -0.057±0.179 0.123±0.098 -0.0069±0.0553 22.6982±0.0441 22.6821±0.0343
2003E148 0.4310±0.0060 -0.166±0.144 0.154±0.135 -0.0621±0.0490 22.7213±0.0417 22.7610±0.0327
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In Table 4.12, we list the measured and derived properties of both SN - 2002B013
and 2003E148. The B and V band maximums between the two SN are very
consistent, likewise with the measured spectroscopic redshifts. The agreement
between these measurements confirms our measurements of the observed SN
properties is accurate.
As both SN are located outside the main dust lane of the host galaxy, we
would expect the MLCS AV values of both SN to be low, which indeed they are.
Additionally, the MLCS AV are very similar, indicating uniform dust properties
of the host galaxy. This illustrates that measurements of the dust from SN
light-curve fitting is consistent with the visible location of the SN with respect
to the majority of the dust of the SN. Likewise, the SALT2 Color of the SN is
low and within the errors of the other SN. These derived SN properties show
that the correlations and conclusions we can draw from them are trustworthy.
Lastly, we can examine the luminosity distance, µ, and Hubble residual between
these two SN. Namely, if both of these SN are in the same galaxy, the derived
distance from SN light-curve fitting should be the same between these two SN,
otherwise significant issues may exist.
These two SN seem to occur in similar environments of the respective host galaxy,
specifically with respect to visual location and measured properties. Even though
we are only comparing two SN, having measurements that are very consistent
between two SN not only validates our measurement procedures, but suggests
that the global properties of the host galaxy dominate any potential biases and
correlations between the SN and host galaxy.
4.6.2. Star-Formation in Passive Galaxies
Our UV data provide a great means for examining the star-formation proper-
ties of the elliptical host galaxies, allowing us to determine the nature of the
stellar populations of these SN Ia hosts. In Figures 4.14 and 4.15 we show
global properties of the host galaxies. In Figure 4.14 we compare the measured
Mstellar, calculated using stellar M/L ratios (§4.4.4) and the SFR using our GALEX
photometry (§4.4.3). In each figure, we break up the data by showing the classi-
fication of each galaxy by our SED fitting program and the confidence in that
fit. While we use 11 galaxy types, we combined the galaxy types into three
broad categories — passive, which are the E and S0 templates (red circles), spiral,
which consists of the Sa, Sb, and Sc templates (purple squares), and starburst,
which is a combination of the 6 starburst templates (blue diamonds). As stated
in §4.3.3, the 6 starburst templates are based on their extinction rather than their
actual SFR, and are representative of both dwarf and irregular galaxies.
For our starburst and spiral classified galaxies, our trends match those of other
general galaxy population studies, such as Foster et al. (2012). Specifically, in
the blue, star-forming galaxies, as the stellar mass of the galaxy increase, so
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does the star-formation rate. This trend though does not hold for our passive
galaxies, where we expect lower amounts of star formation. However, we find
that ∼ 60% of our passive galaxies have recent star formation. Another 10–15% of
our passive galaxies are likely to have active galactic nuclei (AGNs), as evidenced
by their high [N II]/Hα intensity ratio (e.g., Filippenko & Sargent, 1985; Ho
et al., 1997), and this fraction increases with redshift especially when compared
to low-redshift samples. Figure 4.16 shows mugshots of our FUV and R images
of some of the passive host galaxies.
The SFRs of the host galaxies in our sample that are classified as passive by their
SED fitting are higher than expected, especially when compared with results in
other studies (Sullivan et al., 2006; Neill et al., 2009; Lampeitl et al., 2010; Sullivan
et al., 2010). In those works, PEGASE (Fioc & Rocca-Volmerange, 1997) was used,
a library of models to calculate galaxy parameters and SEDs. However, to account
for BHB stars, PEGASE takes out some UV flux, which in passive galaxies they
assume is only from BHB stars, and therefore returns a null SFR, causing studies
to report their passive galaxies’ SFRs as −3 < log(SFR) < −5 M yr−1. The mean
SFR for our passive galaxies, by comparison, is ∼ 0.5 M yr−1. Additionally, a few
studies such as Lampeitl et al. (2010) did not use UV data in their calculations,
which limits their sensitivity to photometric determinations of SFR (Kaviraj et al.,
2005).
Despite our differences with previous works that used PEGASE, Gallagher
et al. (2008) found a result similar to ours using optical spectra of SN Ia host
galaxies. They found that galaxies classified by optical photometry as passive,
or morphologically as ellipticals, had small amounts of star formation hidden
within. In the “galaxy zoo” (Lintott et al., 2008) dataset, Schawinski et al. (2009)
found elliptical galaxies that were blue and had SFR > 5 M yr−1 based on Hα
measurements. Using GALEX photometry, Rich et al. (2005) and Yi et al. (2005)
found that ∼ 15–30% of their samples of elliptical galaxies had significant recent
star formation. Salim & Rich (2010) used the Hubble Space Telescope (HST) to
obtain high-resolution images and found the presence of ongoing star formation
in these passive galaxies, some having star-forming rings and spiral-like features.
Yi et al. (2005) found that those early-type galaxies that exhibit UV emission
have FUV − r < 5.5 mag. As calculating the SFRs of host galaxies has potential
systematic problems, such as the IMF, we can look at our FUV −V galaxy colors
to check whether these galaxies are forming stars or show symptoms of an
incorrect SFR calculation. Even using our corrected SFR (§4.4.3), we find that
the majority of our passive galaxies have FUV − V < 5 mag, verifying our high
SFR measurements. Of the 31 passive galaxies having GALEX photometry, 24
have FUV − V < 5 mag, significantly higher than the rates found by Rich et al.
(2005) and Yi et al. (2005).
However, our measurements are vulnerable to AGN contamination, and we
cannot fully determine whether the UV emission is from AGNs or star formation.
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Figure 4.17 shows a spectrum of one of our galaxies from a forthcoming paper of
the ESSENCE host-galaxy spectra that is photometrically classified as a passive
galaxy with a small amount of UV flux. The spectrum shows absorption lines,
except for [N II] and Hα. The [N II]/Hα intensity ratio seen in this spectrum
is common among AGNs, confirming that some of the galaxies in our sample
are indeed AGNs and that this is the source of the UV emission. Through
examining the spectra of our passive galaxies, we calculate that 10–15% of them
are contaminated by AGNs, and we estimate that ∼ 60% of our passive galaxies
have recent star formation.
In Tucker et al. (2013b) (in prep.), using a similar analysis of nearby SN Ia host
galaxies, we find that the rate of UV emission in passive galaxies is ∼ 40%, lower
than reported here, but higher than found by Rich et al. (2005); Yi et al. (2005).
We also find that by using the FUV −NUV color, 10–15% of the passive galaxies
are AGNs. This suggests that the rate of UV emission in SN Ia passive host
galaxies increases with redshift. Using non-SN Ia host galaxies, Brown et al.
(2003) suggested a floor in the UVX of elliptical galaxies if the UVX is due to
a BHB contribution; since we see an increase with redshift, this additionally
assures us that the UV emission is produced by recent star formation.
Whether the UV emission is from star formation or AGN activity, both have an
impact on the progenitors of SN Ia. If the UV emission is from star formation,
this could mean that the progenitors of SN Ia arise from both old and young
populations. It has generally been assumed that SN Ia in passive galaxies are
from old populations, but recent star-formation activity in these galaxies could
mean that young stellar populations might contribute to their overall SN Ia rate.
If the UV emission is from AGNs, this could still affect the progenitors of SN Ia.
Livio et al. (2002) showed that both SN Ia and multiple novae have been found
near the jets of AGNs, suggesting that jet-induced accretion could cause a SN Ia
explosion.
4.6.3. Supernova Location
Our measurement of the SN normalized galactocentric distance (NGCD), defined
as NGCD = RSeparation/Reff, allows us to compare properties of the SN with respect
to its location in its host galaxy. Specifically, the higher the value of NGCD,
the less dust there should be along the line of sight between the SN Ia and the
observer. Therefore, the NGCD provides an alternative probe to examine how
SN light-curve fitting measures and handles dust and SN color.
Figures 4.18, 4.19, and 4.20 show the NGCD against the MLCS AV and SALT2
color. Our Hubble residuals and SN property measurements come from Narayan
et al. (2013). MLCS and MLCS2k2 (Riess et al., 1996a; Jha et al., 2007) try to
derive the intrinsic (unreddened) SN Ia light curve, and then use color deviations
from this model to estimate the effects of dust, AV. Additionally, in MLCS, RV
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Figure 4.14 The measured Mstellar and SFR for 176 host galaxies in our sample. The galaxy
types are classified based on our SED fits. Red circles are passive galaxies, purple squares
are spiral galaxies, and blue diamonds are starburst/active galaxies. The size of the point
represents the confidence in the fit (the fit comes from the probability distribution function
of a galaxy type in the SED fitting process), with the largest points having P > 95% (from
Eq. 4.9), the middle-size points 90% < P < 95%, and the smallest points 75% < P < 90%.
The uncertainty in our measurements of Mstellar and SFR are consistent across all the host
galaxies, so we show only the average error bar for our galaxies.
can be changed in order to improve the fit to the SN light curve; recent analyses
such as that of Hicken et al. (2009a) have found RV ≈ 1.7 as the best fit, compared
to the traditional Milky Way value of 3.1. SALT2 (Guy et al., 2007) marginalizing
over the SN Color in cosmological fits, ignoring the physical significance of
dust and the intrinsic SN Ia color. This has the potential to lead to systematic
errors if the average AV of the SN Ia sample varies over redshift, since the
resulting color-luminosity relation is different than normal dust laws with high
significance. Conversely, if the intrinsic color of SN Ia varies with population
or redshift, then the assumption of dust would also alter the color-luminosity
relation.
In Figures 4.18, 4.19, and 4.20, we can see that the dispersion in MLCS AV and
SALT2 color decreases with increasing SN distance from the host galaxy (i.e.,
larger NGCD). Galbany et al. (2012) used a Sérsic profile normalization to look
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Figure 4.15 The rest-frame FUV −V and B −V colors of the host galaxies. The data points are
the same as in Figure 4.14. We also show the corresponding average error bar.
at SN Ia properties as a function of normalized distance. We chose to use Reff
as it is photometrically easier to measure and we do not need the assumptions
required for Sérsic profile normalization, namely understanding the extended
profiles of galaxies. Additionally, Reff is a quantity used in most galaxy studies
that we can adopt to compare to other works. However, Galbany et al. (2012)
come to a conclusion similar to ours that for spiral galaxies, the scatter in MLCS
AV and SALT2 color decreases with SN location.
We find that at NGCD > 4Reff the scatter reduces around a central value at MLCS
AV ≈ 0.11(±0.02) mag or SALT2 Color ≈ 0.09(±0.04) mag. Comparatively, SN Ia
with NGCD < 4 have a mean MLCSAV of 0.27 mag (±0.10), while for SALT2,
the mean is 0.02 mag and (±0.09). For those SN with NGCD > 3, we checked
to make sure that the large normalized separations were not the result of poor
image subtraction or photometry.
Table 4.13 K-S Probabilities of SN Location and SN Properties
NGCD Dividing Value (x) PKS MLCSAV PKS SALT2 Color PKS Hubble Residual (∆µ)
3 4.71 ×10−6 0.28 0.90
4 3.46 ×10−6 0.49 0.06
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5 2.30 ×10−5 0.32 0.01
We performed a Kolmogorov-Smirnov (K-S) test of the likelihood probability of
the SN populations separated at specific values of NGCD, and our results are
shown in Table 4.13. We can see that when separating the SN by NGCD, there
is statistically significant evidence (most drastically with respect to MLCS AV)
that the SN Ia inside the host galaxy and those outside the host galaxy come
from different populations. Specifically, this validates our assertion that either
due to dust, SN Ia light-curve treatment, or different SN populations, SN Ia at
greater distances from the host-galaxy center are inherently different than those
more centrally located in the hosts.
It is important to note that there is no trend with respect to galaxy type (i.e.,
passive galaxies have a wide range of AV and SALT2 color values, especially
in heavily concentrated environments). Thus, although passive galaxies have
been suggested as a sample for cosmology due to their expected low amount
of extinction, this is not necessarily an optimal strategy. However, NGCD can
be used to select a sample of more uniform SN to circumvent issues with the
handling and treatment of dust and color in SN light-curve fitting. By selecting
SN Ia that occur > 4Reff from the center of their host galaxy, empirically we see
it is possible to obtain a more well-behaved set of SN Ia for measuring distances.
This result is likely caused by one of two reasons. First, at these distances
outside the galaxy, the SN Ia are occurring in low-extinction environments, and
therefore the dust correction is smaller. This provides a sample that has little or
no extinction, and we could therefore circumvent issues in SN Ia dust treatment,
which are problematic in determining MLCS’s AV parameter, especially since
measurements of SN inside their host galaxies have higher uncertainty. It would
also mean, with respect to both MLCS and SALT2, that we could reconcile the
true color of SN Ia and improve our light-curve fitting. Recent estimates find
that the treatment of dust affects cosmological fits to SN data by ∆w = 0.05–0.08
(Wood-Vasey et al., 2007); hence, use of a dust-free sample has the potential to
greatly reduce the systematic error in SN Ia cosmological analyses.
A second possibility is the potential effect of multiple populations of SN Ia,
where a more homogeneous, older population exists in the outer reaches of
galaxies, as has been suggested by Jha et al. (2007) and Mandel et al. (2011). As
Foley (2012) found a correlation of host-galaxy mass with SN ejection velocity
(which has been shown to be linked with the SN Ia progenitor and environment;
Foley et al. 2012b), there could be discreet populations of SN Ia occurring in
specific galaxy environments with subtle differences in the SN properties. Wang
et al. (2013), using a similar idea of normalized SN position, found that SN
Ia with high-velocity ejecta were concentrated inside the galaxy (NGCD < 2),
suggesting a connection with the progenitor systems. Nevertheless, either due
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Figure 4.16 Mugshots of some of the passive SN Ia host galaxies in the ESSENCE survey. For
each object, the top image is 15′′ × 15′′ in the CTIO R filter. The bottom image is 25′′ × 25′′
in the GALEX NUV filter. The red circle denotes the position of the SN Ia.
to extinction or population, there is a tremendous benefit to preferentially using
SN on the outskirts of galaxies for cosmology.
We also find that while SALT2 combines dust with the intrinsic SN Ia color, it
exhibits behavior similar to MLCS AV, which employs a prior for the expected
extinction and should produce a distribution of AV > 0, even for a sample of
AV = 0 objects, with respect to NGCD. Although these SN occur in seemingly zero-
extinction environments, some SN Ia light-curve fitting techniques incorrectly
appear to assume a small amount of extinction in the SN color (more so for
MLCS). This subsequently propagates to SN distance measurements, at least in
the case of the MLCS light-curve fitter (see §4.6.4).
4.6.4. Trends with Hubble Residual
Recent studies have found a correlation of Hubble residual and host-galaxy
mass. With our dataset, we not only want to examine this correlation, but also
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Figure 4.17 Rest-frame spectrum of one of our host galaxies taken at Keck, from Tucker et al.
(2013c) (in prep.). Photometrically it was classified as a passive host galaxy with some star
formation. The [N II]/Hα intensity ratio is typical of a LINER galaxy (e.g., Filippenko &
Sargent, 1985; Ho et al., 1997), meaning that the UV flux from this host is most likely due to
AGN activity.
find the underlying source of the dependence by looking at other parameter
spaces. In Figure 4.22 we show the Hubble residual, determined from SALT2,
where the Hubble residual comes from comparing the distances of Narayan
et al. (2013) with the best-fit cosmology, with respect to the NGCD. We see that
as with the MLCS AV and the SALT2 color, the scatter in the Hubble residual
decreases with increasing distance of the SN from the host galaxy (i.e., the larger
the NGCD). This supports the idea that selection of these SN improves SN Ia
distance measurements and subsequent cosmological fits because the SN sample
is more uniform.
Additionally, we measure the difference between the mean Hubble residual of
SN Ia with NGCD > 4 and those with NGCD < 4. SN Ia with NGCD < 4
have a mean Hubble residual of -0.005 (±0.13) while those with a NGCD > 4
have a mean of 0.09 (±0.07). This results in a difference of 0.09 magnitudes
between the samples, meaning that on average, SN Ia in the outskirts of galaxies
are less luminous than those closer to the center. Consequently, we see that
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Figure 4.18 Top panel: The dust-extinction estimate (AV) from MLCS light-curve fitting vs. the
normalized galactocentic distance (NGCD), which is the galactocentric distance of the SN
normalized by the half-light radius of the host galaxy (RSN/Reff). The points are the same
as in Figure 4.14. Bottom panel: K-S probability plots of likelihood of populations based
on using a cutoff of NGCD = 4. The top plot shows the likelihood of NGCD < 4 vs. the
population as a whole, the middle plot gives NGCD > 4 vs. the whole population, and the
bottom plot is the likelihood probability of NGCD < 4 and NGCD > 4.
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Figure 4.19 Top panel: The dust-extinction estimate (AV) from MLCS light-curve fitting vs.
NGCD. The points are the same as in Figure 4.14. This is similar to Figure 4.18, but we
limit the range to 0 < AV < 0.5 mag. Bottom panel: K-S probability plots of likelihood of
populations based on using a cutoff of NGCD = 4 and limited to AV < 0.5 mag. The top
plot shows the likelihood of NGCD < 2 vs. the population as a whole, the middle plot gives
NGCD > 4 vs. the whole population, and the bottom plot is the likelihood probability of
NGCD < 4 and NGCD > 4.
119
0 5 10 15
Normalized Galactocentric Distance (NGCD) (Galactocentric Distance / Half-Light Radius)
-0.6
-0.4
-0.2
-0.0
0.2
0.4
0.6
SA
LT
2 
Co
lor
Passive
Spiral
Starburst
>95% Confidence
>90% Confidence
>75% ConfidenceAverage Error
Probability: = 0.487923
-0.4 -0.2 0.0 0.2 0.4 0.6
SALT2 Color
0.0
0.2
0.4
0.6
0.8
1.0
Cu
m
ula
tiv
e 
Di
str
ibu
tio
n
Figure 4.20 Same as Figure 4.18, but shown with SALT2 color instead of MLCS AV. Top panel:
The SALT2 SN Ia light-curve color estimate vs. NGCD. Bottom panel: K-S probability plots
of likelihood of populations based on using a cutoff of NGCD = 4. The top plot shows the
likelihood of NGCD < 4 vs. the population as a whole, the middle panel gives NGCD > 4
vs. the whole population, and the bottom panel is the likelihood probability of NGCD < 4
and NGCD > 4.
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Figure 4.21 We show the Hubble residual (the deviation from the best-fit cosmological model,
from SALT2) as a function of NGCD. The points are the same as in Figure 4.14. A positive
Hubble residual means that the distance was overestimated and the SN Ia is less luminous
than assumed. A negative Hubble residual means the distance was underestimated and the
SN Ia is more luminous than assumed. The mean difference in Hubble residual between
SN Ia having NGCD < 4 and NGCD > 4 is 0.09 mag.
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the light-curve fitting procedures assume a level of dust or SN color which is
causing biases in cosmological measurements. Although the SN Ia occurring at
large distances from the galaxy center have more uniform properties, the SN Ia
light-curve fitting treatment of these objects is deriving distances that differ from
those for SN located closer to the host-galaxy center.
Kelly et al. (2010), Lampeitl et al. (2010), and Sullivan et al. (2010) found a trend
of Hubble residual with Mstellar, where massive galaxies host more-luminous
SN Ia (after light-curve correction) than low-mass galaxies. Sullivan et al. (2010)
showed that this effect could be the result of the metallicity of the host galaxy.
They also found a slight trend with the sSFR of the host galaxy. In Figures 4.24
and 4.25 we examine the trend of Hubble residual with respect to host-galaxy
FUV − V and sSFR.
We find a 3.32σ significance trend with MStellar (Figure 4.23), which is most
significant when broken up by galaxy type, and a 3.48σ significance fit when
fitting a quadratic relation. The individual parameters for each fit are given
in Table 4.14. However, we find a stronger trend with respect to host galaxy
FUV − V when compared to MStellar. In Figure 4.24 the red line is the best-fit
trend line for the passive and spiral galaxies, the blue line for starburst galaxies,
and black line for the whole sample. We find that the Hubble residual decreases
with at a rate of 0.26 magnitudes per magnitude of FUV − V (4.61σ significance)
for spiral and passive galaxies, meaning that as the FUV-V increases (i.e. the
galaxy becomes more red), the SN Ia becomes brighter. For the starburst galaxies,
the SN becomes fainter at a rate of 0.07 mag/FUV−V (2.78σ significance). When
combining the two samples, no trend (> 2σ significance) is found. While the
significance is not as high as linear fits to galaxy sub-types, the quadratic relation
is preferred over no correction at more than 4-sigma for the case of Hubble
residual versus FUV-V color. The quadratic relation has the advantage of covering
the entire SN Ia population with a single correction against this straight forward
observable of rest frame FUV-V color.
As FUV − V is a proxy for sSFR, we wanted to examine whether a similar
trend could be found. We find a statistically significant trend with respect to
sSFR in passive and spiral galaxies. We found that it increases (becomes more
negative) the SN Ia become brighter by 0.42 magnitudes per log (sSFR yr−1) with
a 5.2σ significance level. However, for starburst galaxies, we find no statistically
significant trend. Our quadratic fitting produces a fit with a 3.11σ confidence.
The significance of Hubble Residual with respect to sSFR is overall weaker than
with FUV - V, possibly due to the assumptions of the IMF which increase the
uncertainty of sSFR measurements.
It is hard to find a physical mechanism (other than second order relations) for
why the host galaxy mass would affect the SN Ia. Our results however, match
the prediction of Nomoto et al. (2003); Umeda et al. (1999b,a). They find that for
spirals (star-forming systems), as the metallicity decreases, so does the brightness
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of the SN Ia and rates of SN Ia. For passive galaxies, as the metallicity decreases,
the amount of SN Ia also decrease, however the brightness in the SN Ia increases.
Nomoto et al. (2003); Umeda et al. (1999b,a) attributes the effect in star-forming
galaxies to a metallically effect, while for passive galaxies it is an age affect. In
spiral galaxies, star-formation occurs continuously, allowing both a a WD and a
Main Sequence (MS) star and a WD and a Red Giant (RG) star to produce a SN
Ia. In elliptical galaxies, as the SFR has decreased, production of the WD+MS
systems decrease, with fewer exploding as SN Ia.
Prieto et al. (2008) also note the importance of measuring the effect of host-
galaxy metallicity on SN Ia populations. They point out a correlation between
luminosity of SN Ia and host-galaxy metallicity: the more-luminous SN Ia occur
in metal-poor dwarf galaxies, similar to what we have found here and supporting
our interpretations.
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Figure 4.22 Same as Figure 4.20, however we show the deviation from best fit cosmology,
Hubble residual (from SALT2). A positive Hubble residual means the distance was over-
estimated and the SN Ia is fainter than measured. A negative Hubble residual means
the distance was under-estimated and the SN Ia is brighter than measured. The mean
Hubble residual of SN Ia with supernova concentrations < 2 is −0.07 mag while those with
supernova concentrations > 2 have a mean residual of −0.12 mag
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Table 4.14 Trend Measurements of Hubble Residual (∆µ) and Host Galaxy Properties
Galaxy Sample Slope Significance (σ) % Opposite Slope
Mass
Starbursts 0.045 1.26σ 3.95%
Starbursts and Spirals 0.024 0.70σ 20.04%
Spirals and Passives -0.384 3.32σ 4.03 ×10−3%
Passives -0.392 1.38σ 1.85%
All -0.030 1.09σ 6.42%
All Quadratic -5.26 1.52 -1.15 3.48σ -
FUV - V
Starbursts 0.073 2.78σ 0.04%
Starbursts and Spirals 0.030 1.35σ 2.98%
Spirals and Passives -0.255 4.61σ 7.29 ×10−6%
Passives -0.193 3.93σ 0.02%
All -0.019 1.10σ 6.20%
All Quadratic -0.13 0.04 -0.13 4.29σ -
sSFR
Starbursts -0.044 1.28σ 3.25%
Starbursts and Spirals -0.001 0.05σ 84.53%
Spirals and Passives 0.424 5.20σ 1.65 ×10−4%
Passives 0.378 2.24σ 0.05%
All 0.037 1.62σ 1.41%
All Quadratic -4.58 0.98 -1.05 3.11σ -
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Figure 4.23 Top panel: We show the Hubble residual versus the host galaxy stellar mass. The
points are the same as in Figure 4.14. The red line is the best-fit linear trend line for the
passive and spiral galaxies, the blue line for starburst galaxies, the solid black line for all
galaxies, and the dashed black line fitting a quadratic relation to all galaxy types. Fitting
a quadratic function to all galaxies produces a result that is significant at the 3.48σ level.
We find that the Hubble residual decreases (i.e the SN becomes brighter) with at a rate of
0.38 mag per log MStellar (3.32σ significance) for passive and spiral galaxies, while for the
starburst galaxies there is no statistically significant trend. When combing the two samples,
no trend (> 2σ) is found. Bottom panel: Distribution of MCMC realizations of trend slopes
for various SN host galaxy types. The red distribution is only for passive galaxies, pink for
passive and spiral galaxies, light blue for spiral and starburst galaxies, dark blue for only
starburst galaxies, and black for all galaxy types.
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Figure 4.24 Top panel: Same as Figure 4.22 however we show the Hubble residual as a trend
with the host galaxy FUV − V color. The red line is the best-fit linear trend line for the
passive and spiral galaxies, the blue line for starburst galaxies, the solid black line for all
galaxies, and the dashed black line fitting a quadratic relation to all galaxy types. Fitting
a quadratic function to all galaxies produces a result that is significant at the 4.29σ level.
We find that the Hubble residual decreases with at a rate of 0.26 mag per magnitude of
FUV − V (4.61σ significance) for passive and spiral galaxies, meaning that as the FUV-V
increases (i.e. the galaxy becomes more red), the SN Ia becomes brighter. For the starburst
galaxies, the SN becomes fainter at a rate of 0.07 mag per magnitude of FUV − V (2.78σ
significance). When combing the two samples, no (> 2σ significance) trend is found. Bottom
panel: Distribution of MCMC realizations of trend slopes for various SN host galaxy types.
The red distribution is only for passive galaxies, pink for passive and spiral galaxies, light
blue for spiral and starburst galaxies, dark blue for only starburst galaxies, and black for all
galaxy types.
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Figure 4.25 Top panel: Same as Figure 4.22 however we compare the Hubble residual to the
sSFR of the host galaxy. The red line is the best-fit linear trend line for the passive and spiral
galaxies, the blue line for starburst galaxies, the solid black line for all galaxies, and the
dashed black line fitting a quadratic relation to all galaxy types. Fitting a quadratic function
to all galaxies produces a result that is significant at the 3.11σ level. We find that as the sSFR
in passive and spiral galaxies increases (becomes more negative) the SN Ia becomes brighter
by 0.42 mag/sSFR (5.2σ significance) while no statistically significant trend can be found
for the starburst galaxies or the all galaxy types combined. Bottom panel: Distribution of
MCMC realizations of trend slopes for various SN host galaxy types. The red distribution
is only for passive galaxies, pink for passive and spiral galaxies, light blue for spiral and
starburst galaxies, dark blue for only starburst galaxies, and black for all galaxy types.
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4.7. Conclusions
In this paper, we have examined the photometric properties of SN Ia host
galaxies from the ESSENCE survey. We use our ESSENCE optical photometry
complemented with UV data from GALEX to measure the properties of the host
galaxies. We used a new method for measuring the SED of the host galaxy
and use empirical relations to derive properties of the host galaxy. We find the
following:
• With the addition of UV data, the SFR in our passive galaxy sample is higher
than other SN photometric studies, but consistent with field sample studies
and Gallagher et al. (2008). Specifically, we find that ≈ 75% of our passive
galaxies show UVX, signaling that these galaxies have small amounts of
either SF or AGN activity, and the populations might be different than
previously thought. These findings are confirmed in Tucker et al. (2013b).
• MLCS AV and SALT2 color show trends with our supernova concentration
parameter. Specially, we find that scatter in both values reduces once the SN
Ia occurs outside 2REff of the host galaxy. This provides a photometrically
viable means for obtaining a more uniform SN Ia sample, reducing the
impacts of problems with SN Ia light-curve fitting and subsequent distance
measurements.
• For SN Ia that occur at large distances where no extinction is present,
MLCS AV and SALT2 both measure a reddening/color value that does
not diminish to zero, showing some intrinsic assumptions in light-curve
fitting techniques about dust that are not correct, potentially biasing SN Ia
distance measurements. It also enables us a means to find the true color of
at least one population of SN Ia.
• The Hubble residual, deviation from best-fit cosmology, also correlates
with the supernova concentration. We find that as with MLCS AV and
SALT2 color, the scatter in Hubble residual decreases once the SN Ia
occurs > 2REff outside the host galaxy, confirming the utility of our SN Ia
strategy. However, the mean Hubble Residual for SN Ia < 2REff and SN
Ia > 2REff has a difference of −0.05 magnitudes, showing the light-curve
fitting assumptions might be biasing SN Ia distances.
• We also find a significant (≈ 2−4σ depending on galaxy type) correlation of
host galaxy FUV −V (or with lesser confidence sSFR) and Hubble residual.
We find that the trend is with respect to the host galaxy type, i.e. passive
and starburst galaxies. These results are predicted from Nomoto et al.
(2003); Umeda et al. (1999b,a), with a metallicity effect in starburst galaxies,
where as the metallicity decreases, so does the brightness of the SN Ia. For
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passive galaxies, it is an age effect, as the age of the progenitor system
decreases, the brightness of the SN Ia increases.
Our results show that the use of UV and multi-wavelength photometry can
contribute important information as supposed to optical photometry alone. We
suggest future SN studies should include multi-wavelength information of the
host galaxies as a means to improve our understanding of SN Ia and their use as
cosmological probes. The normalized position of a SN Ia relative to REff is also
a useful measurement that is an easily calculated photometric tool. It can be
used to refine future SN Ia studies and cosmological analyses by concentrating
follow-up efforts on these particularly homogenous and easily observed objects.
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CHAPTER 5
Conclusions
Just as it is better to illuminate than merely to shine, so to pass
on what one has contemplated is better than merely to
contemplate.
— St. Thomas Aquinas1
In this thesis, we have focused on three main areas examining type Ia supernova
(SN Ia) in the context of improving their use in cosmology. Here we summarize
our results, the implications they have in the broader context, and finally discuss
plans for future work to increase our understanding of the progenitors of SN Ia
and their host galaxies and improve their use in cosmological measurements.
5.1. Type Ia Supernova Progenitors
The progenitors of SN Ia remain elusive and puzzling, as to date both direct and
indirect searches have turned up empty. Theoretical models have provided a few
different scenarios that could cause a SN Ia, however not all of these models are
easily observationally testable. The scenario with the best means for discovering
the progenitor is the single-degenerate (SD) scenario, involving the explosion
of a white dwarf (WD) star due to accretion from a companion red giant (RG)
star. The nature of the RG, unlike the other scenarios, allows for a few different
means for detection.
We examined the early phases of SN Ia light-curves, with the aim to detect
the shock breakout from the interaction of the explosion of the supernova with
the non-degenerate companion, which is predicted to provide clues about the
1Summa Theologica, Part II-II, 188
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progenitor systems. The SD scenario involving accretion from a RG star should
have the strongest shock breakout, yielding the largest amount of flux in a SN Ia
light-curve (Kasen, 2010). Using the Equation of State SupErNova trace Cosmic
Expansion (ESSENCE) survey, we examined the early phase light-curves of these
228 SN Ia, to look for the shock breakout from a RG accreting on to a WD.
To further increase the probability of a detection, we included all published SN
Ia light-curves from a variety of surveys, giving us a collection of nearly 700
SN Ia light-curves. The SD scenario involving a RG companion is predicted to
be the progenitor scenario in ≈ 10% of all SN Ia (Ruiter et al., 2009). However,
due to the viewing angles between the SN Ia donor star and observer, only
≈ 10% of the events should have a strong, visible shock breakout (Kasen, 2010).
Therefore, only ≈ 1% of all SN Ia should involve a RG accreting onto a WD
with a detectable shock breakout. Due to the expected low rate of detections,
previous studies which examined SN Ia from individual surveys and found no
detections (Hayden et al., 2010a; Ganeshalingam et al., 2011; Bianco et al., 2011;
Brown et al., 2012a) were consistent with the full model predictions.
As our study has combined SN Ia from both the ESSENCE survey and other
published SN Ia, we expected to detect 4 or 5 SN Ia with a shock breakout
involving a RG donor star. Our analysis yielded zero detections, which provides
a 98.2% confidence limit that less than 10% of all SN Ia have RG companions.
Our results imply that the rate of which a RG accreting on to a WD results in a
explosion as a SN Ia is lower than predicted Ruiter et al. (2009), and therefore
does not form a significant contribution to the SN Ia population. These results
are consistent, and provide further constraints along with other studies which
tried to find signs of the progenitor system. As it appears that RGs are not a
viable channel for normal SN Ia, and therefore attention must turn to models
where RGs are not present at the time of explosion. These might be as simple
as SG or MS stars, but this is argued against by the few Galactic/LMC SN
Ia remnants which all lack a viable SG or MS star. Our findings could also
be indicative of a long delay between accretion and explosion, or that the DD
scenario is typical of SN Ia explosions. With the large increase in the number of
SN Ia that are being discovered at earlier and earlier times, refinement of the
work of Kasen (2010) is needed to probe the impact of a SN Ia explosion on a
SG or MS donor star.
5.2. Type Ia Supernova Host Galaxies Populations
SN Ia host galaxies offer a means to not only investigate the progenitors of SN Ia
by looking at the environments they occur in, but also investigate possible effects
the environments have on SN Ia distance measurements. Previous investigations
into SN Ia host galaxies have found correlations between the SN Ia host galaxy
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and both the intrinsic properties of the SN Ia (Hamuy et al., 1996b; Gallagher
et al., 2005; Sullivan et al., 2006; Gallagher et al., 2008), and the derived SN Ia
properties and distance estimates (Kelly et al., 2010; Lampeitl et al., 2010; Sullivan
et al., 2010).
Using the SN Ia host galaxies from the ESSENCE survey, we examined the
properties of the host galaxies with a specific emphasis on looking for correlations
with respect to SN Ia properties. We used the ESSENCE optical photometry
and complemented it with UV data from GALEX to measure the properties of
the host galaxies. We developed a new method for measuring the SED of the
host galaxy and use empirical relations to derive properties of the host galaxy.
This method allows us to draw conclusions based on comparisons to nearby,
better-understood galaxies.
The addition of observed-frame UV data coupled with our SED method found
that the star-formation rates (SFR) in the passive galaxies that hosted SN Ia were
higher than previous SN Ia host galaxy photometric measurements. However,
our results matched previous studies of SN Ia host galaxies involving spectra
of these passive hosts (Gallagher et al., 2008). Additionally, our results were
similar in nature to studies involving nearby, passive galaxy population studies.
Specifically, we find that ≈ 75% of our passive galaxies show an ultra-violet excess
(UVX), signaling that these galaxies have small amounts of either star-formation
(SF) or are Active Galactic Nuclei (AGN). However, we are unable to distinguish
between the two causes with the current dataset, but both have implications for
SN Ia progenitors. If the UVX is a result of SF activity, than the progenitors
could be younger than previously thought, as these galaxies are not “red and
dead”. However, if the UVX is due to AGN activity, various studies have shown
that AGN activity can increase star-formation activity, and can possibly be a
prolific production source of SN Ia progenitors (Livio et al., 2002).
We also found several correlations between the normalized position where the
SN Ia occurs, and measured properties of the SN Ia. Specifically, we found
that light-curve estimates of the SN Ia properties, namely MLCS AV and SALT2
color, show a correlation with the normalized SN Ia position. We found that
scatter in both values dramatically reduces once the SN Ia occurs outside 2REff
of the host galaxy, and a K-S test has shown the two populations of distance
measurements are different at a high statistical significance. This provides a
photometrically viable means for obtaining a more uniform SN Ia sample, and
reducing the impacts of problems with SN Ia light-curve fitting and subsequent
distance measurements.
In addition to a reduction in scatter the further outside the SN Ia occurred, this
result has implications for the determination of properties of SN Ia that occurred
at large distances. The further outside the SN occurs, the less extinction from
the SN Ia host galaxy is expected. However, at these distances, MLCS AV and
SALT2 both measure a reddening/color value that does not diminish to zero,
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showing some intrinsic assumptions in light-curve fitting techniques. Specifically,
MLCS assumes, based on the prior distribution, a small amount of dust even at
these distances. However, as we expect there to be little dust in these SN, we
can gain an understanding of the true color of the SN Ia and refine the prior
distribution that MLCS uses. For SALT2, as dust and SN color are treated as
one parameter, we can see the contribution that the color parameter makes on
these SN, and refine how SALT2 fits these parameters in a single fit.
To see if this is true, we examined whether the Hubble residual, the deviation
from best-fit cosmology, also correlated with the normalized SN Ia position. We
found that as with MLCS AV and SALT2 color, the scatter in Hubble residual
decreases once the SN Ia occurs > 2REff outside the host galaxy, however the
scatter does not center around zero, and there is a −0.05 magnitude difference
in the mean Hubble residual of SN Ia occurring > 2REff and < 2REff. This means
that not only our SN Ia strategy of taking these SN Ia far outside their host galaxy
would make a cleaner SN Ia sample, but that current distance measurements are
biased by the SN Ia position in the host galaxy.
Lastly, we examined the intrinsic properties of the SN Ia host galaxies, to see
if similar correlations could be found to previous studies, namely a correlation
with host galaxy mass and Hubble residual. While we found a correlation
between the mass of the host galaxy and the SN Ia Hubble residual, we found a
more significant (≈ 4σ) correlation of the host galaxy FUV − V (or with lesser
confidence sSFR) and Hubble residual. This trend is strongest when divided
by galaxy type. When fitting a quadratic equations, we find a slightly less
significant fit, but one that still prefers an applied correction to the whole SN Ia
sample. We found that the Hubble residual decreases with respect to the FUV−V
color for passive galaxies, meaning that as the FUV-V increases (i.e. the galaxy
becomes more red), the SN Ia becomes brighter. For the starburst galaxies, as
the FUV − V color is increased, the Hubble residual increases, meaning that the
SN Ia become fainter as the galaxy becomes redder. These results are predicted
from Nomoto et al. (2003); Umeda et al. (1999a,b), which they attribute that there
is a metallicity effect in starburst galaxies, where as the metallicity decreases, so
does the brightness of the SN Ia. For passive galaxies, it is an age effect, as the
age of the progenitor systems decreases, the brightness of the SN Ia increases.
With a quadratic fit, we can combine these two sources into one fit, accounting
for both in each galaxy independent of the galaxy type. This result means that
SN Ia distance measurements not only depend on where the SN Ia occurred, but
also in what type of galaxy environment.
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5.3. Improving Type Ia Supernova Distance and Cos-
mological Measurements
Photometric uncertainties due to the calibration of the SN Ia photometry has
been identified as one of the largest (if not the largest) sources of systematic
uncertainties in the measurement of the dark energy equation-of-state, w. Esti-
mates from recent analyses show that proper photometric calibration can greatly
reduce the overall systematic error budget and provide tight constraints on w.
We presented two of the major improvements we implemented in the ESSENCE
survey — flat-fielding and aperture-corrected flux measurements. These were
implemented to obtain precision photometry of type Ia supernova and reduce
the systematic errors in w due to photometric issues present in the photometric
reduction and analysis of Miknaitis et al. (2007) and Wood-Vasey et al. (2007).
We implemented a method to reduce the nightly and global variations in each
SN Ia image, producing photometrically flat images at the 1% level. We also
improved the methods of determining the aperture corrections of the photometric
measurements, eliminating erroneous photometric measurements based on the
size of the object. These two improvements allowed us to obtain a photometric
accuracy of 1−2% for the ESSENCE supernova. Additionally, on average for each
photometric point, our improvements resulted in a mean difference for the R filter
of 0.039 magnitudes and 0.023 magnitudes for the I filter from our photometry
and that of Wood-Vasey et al. (2007). These improvements produced not only
accurate photometry, but improved estimations of the uncertainties, fixing one of
the largest sources of error in the ESSENCE experiment, subsequently allowing
for more reliable SN Ia distance measurements and subsequent measurements
of w.
5.4. Future Work
The work detailed in this thesis is only the beginning of the pursuit to better
understand SN Ia and improve their use as cosmological probes. We currently
have a program with the Kepler space telescope (Koch et al., 2010) looking for SN
in 120 galaxies. Kepler is continuously observing our galaxies every 30 minutes,
providing the most detailed light-curve of any SN that occurs in these galaxies.
If a SN Ia occurs in one of these galaxies, we will be able to detect the shock
breakout from any possible companion to a WD star, giving definitive clues, as
even a non-detection is a clue, about the progenitor system.
We also are finishing an extensive campaign of further analysis of SN Ia host
galaxies. We are concluding the photometric analysis in multiple wavelength
regimes — UV, optical, near-Infrared, and mid-Infrared, of a variety of nearby
SN Ia searches such as the Center for Astrophysics 4 (CfA4) (Hicken et al., 2012)
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survey, the Lick Observatory Supernova Search (LOSS) (Ganeshalingam et al.,
2010), and the Carnegie Supernova Project (CSP) (Contreras et al., 2010; Stritzinger
et al., 2011). This will increase the redshift range and sample size, to better
investigate the significance of the trends found in this thesis. We are also nearing
completion of the analysis of the spectra of the host galaxies in ESSENCE and
CfA4, to get better estimates of the host galaxy metallicities, stellar population
ages, and host galaxy dust. We will also be able to compare the various star-
formation indicators, to see dependancies on the epoch of star-formation of the
host galaxies.
In order to directly probe the dust in SN Ia host galaxies, which is another
large source of systematic error in SN Ia distance measurements, we have a
program on Herschel using the Photodetector Array Camera and Spectrometer
(PACS) (Poglitsch et al., 2010) and Spectral and Photometric Imaging Receiver
(SPIRE) (Griffin et al., 2010). We will use these far-infrared and sub-millimeter
observations to directly measure the type and amount of dust in the SN Ia host
galaxies at a range of redshifts. These direct measurements will allow us improve
the estimates of the intrinsic SN Ia color, and improve SN Ia light-curve fitting.
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APPENDIX A
Filter Extinction Values
In §4.3.2, we used the reddening maps from Schlegel et al. (1998) to account for
foreground extinction due to dust in the Milky Way. We calculated the relative
extinction and then normalized it to E(B−V) using the extinction law of Cardelli
et al. (1989) for a variety of bandpasses from various surveys and telescopes
provided here: the Canada-France-Hawaii Telescope (CFHT) MegaCam (Boulade
et al., 2003), CTIO MOSAIC II, GALEX (Martin et al. 2005; Morrissey et al. 2005),
Gunn (Oke & Gunn, 1983), the Hubble Space Telescope (HST) Advanced Camera
for Surveys (ACS) (Sirianni et al., 2005), Near Infrared Camera and Multi-Object
Spectrometer (NICMOS), Wide Field Planetary Camera 2 (Holtzman et al., 1995),
and Wife Field Camera 3 (WFC3) (Baggett et al., 2006), Infrared Astronomical
Satellite (IRAS) (Neugebauer et al., 1984), Johnson-Cousin (Bessell, 1990), Landolt
(Landolt, 1992), the Panoramic Survey Telescope & Rapid Response System (Pan-
STARRS) (Onaka et al., 2008), SDSS (York et al., 2000), SkyMapper (Keller et al.,
2007), Strom¨gren (Strömgren, 1956), the Spitzer Infrared Array Camera (IRAC)
(Fazio et al., 2004) and Multiband Imaging Photometer for Spitzer (MIPS) (Rieke
et al., 2004), the 2 Micron All Sky Survey (2MASS) (Cohen et al., 2003; Skrutskie
et al., 2006), the United Kingdom Infrared Telescope (UKIRT) (Hewett et al.,
2006) and the Wide Field Infrared Survey Explorer (WISE) (Wright et al., 2010).
Our values of relative extinction (A/AV) and normalized extinction (A/E(B − V))
are listed in Table A.1.
Table A.1 Filter Extinction Values
Filter λe f f (Å) A(λ)/AV A(λ)/E(B-V)
2MASSJ 13260 0.303 0.987
2MASSH 16710 0.163 0.531
2MASSKs 22630 0.050 0.164
ACSF220W 2190 2.815 8.914
ACSF250W 2540 2.214 7.218
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ACSF330W 3270 1.602 5.224
ACSF435W 4570 1.233 4.019
ACSF475W 4960 1.130 3.683
ACSF555W 5060 1.106 3.604
ACSF606W 6690 0.797 2.597
ACSF625W 6480 0.829 2.702
ACSF775W 7670 0.669 2.182
ACSF814W 8570 0.580 1.884
ACSF850LP 10460 0.437 1.426
BessellU 3700 1.501 4.892
BessellB 4200 1.340 4.370
BessellV 5300 1.052 3.430
BessellR 6000 0.911 2.970
BessellI 8000 0.633 2.065
CfAB 4300 1.131 4.280
CfAV 5200 1.074 3.501
CfAr 5900 0.930 3.032
CfAi 7250 0.720 2.346
CFHTu 4020 1.394 4.544
CFHTg 4860 1.155 3.764
CFHTr 6360 0.848 2.765
CFHTi 6933 0.762 2.483
CFHTz 8400 0.594 1.935
CSPu 3700 1.501 4.893
CSPB 4420 1.277 4.165
CSPg 5380 1.035 3.375
CSPV3009 5270 1.059 3.451
CSPV3014 5250 1.063 3.465
CSPV9844 5260 1.061 3.458
CSPr 6780 0.783 2.554
CSPi 7340 0.708 2.309
CSPY 10560 0.431 1.406
CSPJ 12860 0.318 1.038
CSPH 15900 0.185 0.603
CSPK 21300 0.070 0.228
CTIOU 3644 1.513 4.931
CTIOB 4470 1.262 4.112
CTIOV 5192 1.076 3.501
CTIOR 5989 0.913 2.976
CTIOI 8356 0.598 1.949
DESu 3910 1.429 4.658
DESg 5270 1.059 3.451
DESr 6590 0.812 2.646
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DESi 7890 0.645 2.103
DESz 9760 0.483 1.575
DESY 10030 0.465 1.515
GalexFUV 1480 2.557 8.313
GalexNUV 2200 2.821 8.974
Gunng 5160 1.083 3.530
Gunnr 6180 0.879 2.865
Gunni 7220 0.723 2.358
Gunnz 8820 0.556 1.812
IRAC1 37420 0.0 0.0
IRAC2 44370 0.0 0.0
IRAC3 52460 0.0 0.0
IRAC4 84950 0.0 0.0
IRAS12 120000 0.0 0.0
IRAS25 250000 0.0 0.0
IRAS60 600000 0.0 0.0
IRAS100 1000000 0.0 0.0
KAITB1 4481 1.259 4.105
KAITB2 4485 1.258 4.100
KAITB3 4475 1.261 4.110
KAITB4 4558 1.236 4.031
KAITBnickel 4488 1.258 4.101
KAITV1 5260 1.061 3.459
KAITV2 5238 1.065 3.473
KAITV3 5252 1.062 3.464
KAITV4 5227 1.068 3.482
KAITVnickel 5228 1.068 3.481
KAITR1 6121 0.889 2.899
KAITR2 5888 0.932 3.039
KAITR3 5878 0.934 3.046
KAITR4 5843 0.941 3.068
KAITRnickel 5921 0.926 3.020
KAITI1 7950 0.638 2.082
KAITI2 7849 0.649 2.117
KAITI3 7691 0.667 2.174
KAITI4 7652 0.671 2.188
KAITInickel 8037 0.630 2.053
LandoltU 3350 1.641 5.293
LandoltB 4400 1.320 4.320
LandoltV 5400 1.022 3.221
LandoltR 6500 0.901 2.670
LandoltI 8050 0.603 1.964
MIPS24 219720 0.0 0.0
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MIPS70 718849 0.0 0.0
MIPS160 1520300 0.0 0.0
NICMOSF110W 13445 0.294 0.958
NICMOSF140W 12074 0.252 0.848
NICMOSF150W 16204 0.176 0.575
NICMOSF160W 17710 0.139 0.452
NICMOSF175W 19003 0.111 0.361
NICMOSF187W 18891 0.113 0.369
NICMOSF205W 19424 0.103 0.335
PanStarrsg 5460 1.019 3.322
PanStarrsr 6800 0.780 2.544
PanStarrsi 7450 0.695 2.265
PanStarrsz 8700 0.566 1.846
PanStarrsY 9780 0.482 1.570
SDSSu 3720 1.494 4.871
SDSSg 5120 1.092 3.560
SDSSr 6520 0.822 2.681
SDSSi 7120 0.736 2.400
SDSSz 8520 0.582 1.899
SkyMapperu 3525 1.539 5.017
SkyMapperv 3825 1.457 4.750
SkyMapperg 5000 1.120 3.651
SkyMapperr 5900 0.930 3.032
SkyMapperi 7300 0.713 2.325
SkyMapperz 8900 0.549 1.790
Stromgrenu 3510 1.543 5.029
Stromgrenv 4105 1.368 4.460
Stromgrenb 4615 1.220 3.978
Stromgreny 5475 1.015 3.312
UKIRTZ 9150 0.529 1.723
UKIRTY 10690 0.424 1.381
UKIRTJ 12855 0.319 1.039
UKIRTH 16300 0.174 0.566
UKIRTK 22630 0.050 0.164
WFCF435W 4565 1.234 4.023
WFCF475W 4995 1.121 3.655
WFCF555W 5505 1.010 3.292
WFCF606W 6685 0.797 2.599
WFCF775W 7385 0.703 2.291
WFCF814W 7445 0.695 2.267
WFCF850LP 8610 0.574 1.872
WFPC2F170W 1850 2.635 8.663
WFPC2F185W 1900 2.654 8.732
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WFPC2F218W 2120 2.792 8.878
WFPC2F255W 2510 2.253 7.346
WFPC2F300W 2780 1.897 6.185
WFPC2F336W 3450 1.557 5.075
WFPC2F380W 3980 1.406 4.584
WFPC2F450W 5060 1.106 3.605
WFPC2F555W 5150 1.085 3.537
WFPC2F606W 6210 0.874 2.848
WFPC2F675W 6820 0.778 2.535
WFPC2F702W 6870 0.770 2.512
WFPC2F814W 9290 0.518 1.687
WFPC2F850LP 10310 0.447 1.456
WFC3F218W 2220 3.016 9.834
WFC3F225W 2400 2.439 7.951
WFC3F275W 2590 2.151 7.012
WFC3F336W 3350 1.581 5.156
WFC3F390W 4000 1.400 4.564
WFC3F438W 4510 1.250 4.076
WFC3F475W 4885 1.148 3.743
WFC3F555W 5160 1.083 3.530
WFC3F606W 5380 1.035 3.375
WFC3F625W 5790 0.951 3.102
WFC3F775W 7180 0.729 2.375
WFC3F814W 7145 0.733 2.390
WFC3F098M 10435 0.439 1.431
WFC3F105W 11790 0.365 1.191
WFC3F110W 13344 0.299 0.976
WFC3F125W 13260 0.303 0.987
WFC3F140W 13335 0.300 0.978
WFC3F160W 14445 0.242 0.790
WISEW1 33680 0.0 0.0
WISEW2 46180 0.0 0.0
WISEW3 120820 0.0 0.0
WISEW4 221940 0.0 0.0
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APPENDIX B
SED Templates
In §4.3.3, we present our method for determining the rest-frame magnitudes
and SED of our host galaxies. The method is based on 11 galaxy SED templates
(see table ??). The ultraviolet, 120 nm through the optical up to 1 µm templates
come from Kinney et al. (1996), who cover the main Hubble sequence (Elliptical
- Sc), and Calzetti et al. (1994) who have a range of starburst galaxies, which are
defined by their Balmer optical depth and the 2175 Å dust feature, not by their
SFR. While we do not specifically cover irregular galaxies in our templates, the
starburst templates include a range of dwarf and irregular galaxies and are a
good approximation of these galaxies (Calzetti et al. (1994) elaborates more in
depth on this issue).
We combine the UV and optical templates with near-infrared (IR) (1µm − 2.5µm)
spectra from Mannucci et al. (2001), which extended the galaxies used in Kinney
et al. (1996) into the near-IR, and Calzetti et al. (1996), which extended their
previous sample into the near-IR also. Mannucci et al. (2001) averaged the
individual near-IR galaxy observations into the same templates as Kinney et al.
(1996). Calzetti et al. (1996) provided raw spectra of the galaxies in their data
set, so we averaged the templates into the various classes in a similar process as
Calzetti et al. (1994). Additionally, we include mid-IR and far-IR observations
from WISE (Wright et al., 2010) and IRAS (Neugebauer et al., 1984) of the
individual galaxies of Calzetti et al. (1994); Kinney et al. (1996). Furthermore,
we extended the templates through radio wavelengths using data collated by
Schmitt et al. (1997, 2006), who performed a literature search compiling data in
various wavelengths for a variety of galaxies. All of this the data was averaged
to form UV - radio templates of the 11 galaxy classes, similarly to Calzetti et al.
(1994); Kinney et al. (1996).
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Figure B.1 The 11 galaxy templates used in the SED fitting, defined by Kinney et al. (1996) for Hubble sequence galaxies and Calzetti et al. (1994) for
the starburst galaxies. The ultraviolet through the optical regime is covered in this figure. All templates cover from 1200Å through 10000Å except
the Sc template, which covers from 1200Å through 7500Å. Each template is an average of 5-10 individual galaxy spectra.
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Figure B.2 The 11 galaxy templates used in the SED fitting, covering near-infrared wavelengths, 1µm through 2.4µm. Data for the Hubble sequence
galaxies is from Mannucci et al. (2001) while the starburst data comes from Calzetti et al. (1996). The starburst templates have less coverage due to
the sensitivity of the instrument. The interpolation in the templates between bands is arbitrary. Each template is an average of 5-10 individual
galaxy spectra.
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Figure B.3 The 11 galaxy templates used in the SED fitting, covering the mid-infrared regime, 3.4µm through 25µm. The data is compiled using
WISE (Wright et al., 2010) (3.4, 4.6, 12, and 22µm) and IRAS (Neugebauer et al., 1984) (12 and 25µm). Each template is an average of 8-12 individual
galaxy spectra.
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Figure B.4 The 11 galaxy templates used in the SED fitting in the far-infrared regime, 40µm through 100µm. The data comes from the IRAS satellite
(Neugebauer et al., 1984). Each template is an average of 8-12 individual galaxy spectra.
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Figure B.5 The 11 galaxy templates used in the SED fitting in the radio, 3.8cm through 72cm. The data comes from a variety of telescopes which
was collated by Schmitt et al. (1997, 2006) who performed a literature search using the galaxy templates of Calzetti et al. (1994); Kinney et al.
(1996). Each template is an average of 5-12 individual galaxy spectra.
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APPENDIX C
SED Testing Fits
We present the results of the testing of our SED routine described In §4.5.2.
We show the top 2σ, median (1σ), and bottom 2σ fits of a range of galaxy SED
templates in §C.1 and redshifts in §C.2.
C.1. Fit Qualities by SED Template
Figure C.2 Same as Fig. C.1, however with an example of one of the median elliptical galaxy
template fits.
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Figure C.1 A galaxy that is in the best (lowest RMS) fits based on the elliptical galaxy template.
This object is using only SDSS optical photometry. The top panel includes the normalized
SDSS optical spectrum in blue, the normalized SED model in red, and SDSS ugriz photometry
as the black points. The bottom panel shows the residual in black and the 200 Å binned
residual in red.
Figure C.3 Same as Fig. C.1, however with an example of one of the worst (2σ) elliptical galaxy
template fits.
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Figure C.4 Same as Fig. C.1, however with an example of one of the best (lowest RMS) S0
galaxy template fits.
Figure C.5 Same as Fig. C.1, however with an example of one of the median S0 galaxy template
fits.
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Figure C.6 Same as Fig. C.1, however with an example of one of the worst (2σ) S0 galaxy
template fits.
Figure C.7 Same as Fig. C.1, however with an example of one of the best (lowest RMS) Sa
galaxy template fits.
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Figure C.8 Same as Fig. C.1, however with an example of one of the median Sa galaxy template
fits.
Figure C.9 Same as Fig. C.1, however with an example of one of the worst (2σ) Sa galaxy
template fits.
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Figure C.10 Same as Fig. C.1, however with an example of one of the best (lowest RMS) Sb
galaxy template fits.
Figure C.11 Same as Fig. C.1, however with an example of one of the median Sb galaxy
template fits.
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Figure C.12 Same as Fig. C.1, however with an example of one of the worst (2σ) Sb galaxy
template fits.
Figure C.13 Same as Fig. C.1, however with an example of one of the best (lowest RMS) Sc
galaxy template fits.
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Figure C.14 Same as Fig. C.1, however with an example of one of the median Sc galaxy
template fits.
Figure C.15 Same as Fig. C.1, however with an example of one of the worst (2σ) Sc galaxy
template fits.
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Figure C.16 Same as Fig. C.1, however with an example of one of the best (lowest RMS)
starburst 1 galaxy template fits.
Figure C.17 Same as Fig. C.1, however with an example of one of the median starburst 1
galaxy template fits.
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Figure C.18 Same as Fig. C.1, however with an example of one of the worst (2σ) starburst 1
galaxy template fits.
Figure C.19 Same as Fig. C.1, however with an example of one of the best (lowest RMS)
starburst 2 galaxy template fits.
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Figure C.20 Same as Fig. C.1, however with an example of one of the median starburst 2
galaxy template fits.
Figure C.21 Same as Fig. C.1, however with an example of one of the worst (2σ) starburst 2
galaxy template fits.
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Figure C.22 Same as Fig. C.1, however with an example of one of the best (lowest RMS)
starburst 3 galaxy template fits.
Figure C.23 Same as Fig. C.1, however with an example of one of the median starburst 3
galaxy template fits.
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Figure C.24 Same as Fig. C.1, however with an example of one of the worst (2σ) starburst 3
galaxy template fits.
Figure C.25 Same as Fig. C.1, however with an example of one of the best (lowest RMS)
starburst 4 galaxy template fits.
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Figure C.26 Same as Fig. C.1, however with an example of one of the median starburst 4
galaxy template fits.
Figure C.27 Same as Fig. C.1, however with an example of one of the worst (2σ) starburst 4
galaxy template fits.
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Figure C.28 Same as Fig. C.1, however with an example of one of the best (lowest RMS)
starburst 5 galaxy template fits.
Figure C.29 Same as Fig. C.1, however with an example of one of the median starburst 5
galaxy template fits.
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Figure C.30 Same as Fig. C.1, however with an example of one of the worst (2σ) starburst 5
galaxy template fits.
Figure C.31 Same as Fig. C.1, however with an example of one of the best (lowest RMS)
starburst 6 galaxy template fits.
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Figure C.32 Same as Fig. C.1, however with an example of one of the median starburst 6
galaxy template fits.
Figure C.33 Same as Fig. C.1, however with an example of one of the worst (2σ) starburst 6
galaxy template fits.
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Figure C.34 Same as Fig. C.1, however with an example of one of the best (lowest RMS) mixed
elliptical and S0 galaxy template fits.
Figure C.35 Same as Fig. C.1, however with an example of one of the median mixed elliptical
and S0 galaxy template fits.
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Figure C.36 Same as Fig. C.1, however with an example of one of the worst (2σ) mixed elliptical
and S0 galaxy template fits.
Figure C.37 Same as Fig. C.1, however with an example of one of the best (lowest RMS) mixed
Sa and Sb galaxy template fits.
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Figure C.38 Same as Fig. C.1, however with an example of one of the median mixed Sa and
Sb galaxy template fits.
Figure C.39 Same as Fig. C.1, however with an example of one of the worst (2σ) mixed Sa and
Sb galaxy template fits.
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Figure C.40 Same as Fig. C.1, however with an example of one of the best (lowest RMS) mixed
starburst galaxies template fits.
Figure C.41 Same as Fig. C.1, however with an example of one of the median mixed starburst
galaxies template fits.
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Figure C.42 Same as Fig. C.1, however with an example of one of the worst (2σ) mixed
starburst galaxies template fits.
Figure C.43 Same as Fig. C.1, however with an example of one of the best (lowest RMS) mixed
of a variety of galaxy template fits.
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Figure C.44 Same as Fig. C.1, however with an example of one of the median mixed of a
variety of galaxy template fits.
Figure C.45 Same as Fig. C.1, however with an example of one of the worst (2σ) mixed of a
variety galaxy template fits.
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C.2. Fit Qualities by Redshift
Figure C.46 A galaxy that is in the best (lowest RMS) fits based on its redshift, z < 0.05. This
object is using only SDSS optical photometry. The top panel includes the normalized SDSS
optical spectrum in blue, the normalized SED model in red, and SDSS ugriz photometry
as the black points. The bottom panel shows the residual in black and the 200 Å binned
residual in red.
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Figure C.47 Same as Fig. C.46, however with an example of one of the median fits with
z < 0.05.
Figure C.48 Same as Fig. C.46, however with an example of one of the worst (2σ) fits with
z < 0.05.
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Figure C.49 Same as Fig. C.46, however with an example of one of the best (lowest RMS) fits
with0.05 < z < 0.10.
Figure C.50 Same as Fig. C.46, however with an example of one of the median fits with
0.05 < z < 0.10.
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Figure C.51 Same as Fig. C.46, however with an example of one of the worst (2σ) fits with
0.05 < z < 0.10.
Figure C.52 Same as Fig. C.46, however with an example of one of the best (lowest RMS) fits
with0.10 < z < 0.15.
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Figure C.53 Same as Fig. C.46, however with an example of one of the median fits with
0.10 < z < 0.15.
Figure C.54 Same as Fig. C.46, however with an example of one of the worst (2σ) fits with
0.10 < z < 0.15.
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Figure C.55 Same as Fig. C.46, however with an example of one of the best (lowest RMS) fits
with0.15 < z < 0.20.
Figure C.56 Same as Fig. C.46, however with an example of one of the median fits with
0.15 < z < 0.20.
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Figure C.57 Same as Fig. C.46, however with an example of one of the worst (2σ) fits with
0.15 < z < 0.20.
Figure C.58 Same as Fig. C.46, however with an example of one of the best (lowest RMS) fits
with0.20 < z < 0.25.
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Figure C.59 Same as Fig. C.46, however with an example of one of the median fits with
0.20 < z < 0.25.
Figure C.60 Same as Fig. C.46, however with an example of one of the worst (2σ) fits with
0.20 < z < 0.25.
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Figure C.61 Same as Fig. C.46, however with an example of one of the best (lowest RMS) fits
with0.25 < z < 0.50.
Figure C.62 Same as Fig. C.46, however with an example of one of the median fits with
0.25 < z < 0.50.
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Figure C.63 Same as Fig. C.46, however with an example of one of the worst (2σ) fits with
0.25 < z < 0.50.
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APPENDIX D
Data
D.1. ESSENCE Host Galaxy Data
Table D.1 Host Galaxy Positions
ESSENCE ID RA DEC Redshift
2002B010 02:30:40.035 -08:11:40.19 0.587
2002B013 02:31:20.852 -08:36:13.59 0.427
2002B016 23:30:09.609 -09:35:03.21 0.325
2002B017 23:29:44.216 -09:36:33.95 0.260
2002B020 02:04:41.018 -05:09:40.71 0.426
2002B022 02:07:27.257 -03:50:20.50 0.528
2002C015 02:30:00.529 -08:36:23.06 0.357
2003D033 23:25:24.104 -09:26:00.44 0.526
2003D058 01:07:58.753 +00:03:05.10 0.584
2003D083 02:29:21.181 -09:02:15.27 0.334
2003D084 02:28:50.933 -09:09:58.08 0.522
2003D085 23:27:58.212 -08:57:11.27 0.405
2003D086 23:27:01.592 -09:24:05.18 0.204
2003D089 02:28:28.557 -08:08:45.02 0.424
2003D093 02:29:52.187 -08:32:28.15 0.363
2003D097 02:31:54.601 -08:35:48.80 0.434
2003D099 02:07:54.869 -03:28:28.18 0.210
2003D100 23:30:51.152 -09:28:33.76 0.158
2003D117 02:31:06.723 -08:45:39.17 0.297
2003D149 02:10:53.990 -04:25:51.05 0.339
2003E020 23:25:36.131 -09:31:44.95 0.164
2003E027 02:11:09.168 -04:39:19.02 0.804
2003E029 01:09:48.927 +01:00:05.40 0.335
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Table D.1 – Continued
ESSENCE ID RA DEC Redshift
2003E108 02:30:08.934 -09:04:35.68 0.472
2003E132 02:09:15.567 -03:35:41.80 0.244
2003E136 02:11:06.525 -03:47:56.03 0.361
2003E140 02:31:04.091 -08:10:56.73 0.606
2003E148 02:31:20.842 -08:36:13.55 0.427
2003E149 02:31:34.536 -08:36:46.38 0.491
2003E309 23:25:14.304 -09:44:28.47 0.280
2003F096 23:24:25.498 -08:45:50.90 0.408
2003F123 02:09:57.282 -03:32:26.76 0.526
2003F216 02:35:41.160 -08:06:29.78 0.596
2003F221 02:11:12.849 -04:13:51.98 0.442
2003F235 01:12:10.062 +00:19:51.87 0.417
2003F244 02:27:47.332 -07:33:45.30 0.544
2003F301 02:27:26.519 -08:42:24.52 0.519
2003F308 02:29:22.376 -08:37:38.31 0.388
2004G001 23:29:45.304 -08:54:36.36 0.265
2004G005 23:28:26.908 -08:36:53.18 0.218
2004G043 01:09:51.060 +00:27:20.77 0.187
2004G050 23:30:20.131 -09:58:31.07 0.605
2004G053 23:26:57.867 -09:37:18.96 0.632
2004G055 01:13:35.980 -00:09:25.56 0.296
2004G097 23:27:37.086 -09:35:21.03 0.343
2004G120 01:13:28.878 +00:35:16.66 0.506
2004G142 23:28:37.700 -08:45:03.55 0.404
2004G160 02:31:19.946 -08:49:21.56 0.507
2004G225 23:27:15.808 -09:28:00.90 0.579
2004G230 01:11:56.343 +00:07:27.55 0.392
2004G276 02:09:17.760 -03:35:42.10 0.244
2004H283 02:04:26.932 -04:52:46.70 0.495
2004H300 02:31:40.688 -08:49:02.95 0.656
2004H311 23:24:32.828 -08:41:02.50 0.761
2004H319 02:08:48.256 -04:26:10.19 0.490
2004H323 02:29:48.800 -08:20:45.63 0.598
2004H359 02:08:38.873 -05:08:10.97 0.348
2004H363 02:06:24.821 -04:38:05.27 0.211
2004H364 02:29:41.943 -08:43:49.47 0.344
2004K396 23:27:04.606 -08:38:47.86 0.271
2004K411 23:26:11.739 -08:50:17.53 0.565
2004K425 01:13:38.066 -00:27:36.86 0.274
2004K429 02:28:03.110 -07:42:29.52 0.172
2004K430 01:13:32.452 +00:37:17.19 0.576
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Table D.1 – Continued
ESSENCE ID RA DEC Redshift
2004K432 23:26:46.115 -08:45:42.28 0.706
2004K441 02:30:17.929 -08:22:26.83 0.671
2004K448 01:08:48.330 +00:00:49.95 0.409
2004K467 02:31:11.573 -07:47:31.48 0.607
2004K485 02:09:33.643 -04:13:03.61 0.422
2004K490 02:30:24.342 -07:53:20.85 0.716
2005M001 01:08:21.970 -00:05:46.81 0.287
2005M006 02:30:27.070 -09:16:08.00 0.057
2005M022 23:30:02.760 -08:33:36.88 0.240
2005M026 23:28:39.929 -09:19:49.91 0.655
2005M027 01:09:14.999 +00:08:14.55 0.289
2005M032 23:29:35.304 -09:58:46.22 0.155
2005M034 02:27:50.312 -07:59:11.05 0.558
2005M039 02:28:04.614 -07:42:43.98 0.248
2005M040 02:27:30.254 -07:41:53.13 0.480
2005M043 23:29:51.707 -08:56:46.12 0.265
2005M057 02:10:56.796 -04:27:29.78 0.181
2005M062 01:09:52.924 +00:36:19.11 0.314
2005M070 02:33:46.834 -08:08:27.63 0.212
2005M075 23:24:42.286 -08:29:08.48 0.100
2005M087 02:33:36.994 -08:27:31.29 0.287
2005M158 23:24:03.566 -09:23:19.55 0.461
2005M193 02:28:52.300 -07:42:09.93 0.330
2005M226 02:06:03.691 -04:39:59.37 0.675
2005N246 01:14:33.058 -00:26:22.93 0.706
2005N258 02:06:42.251 -04:22:37.35 0.519
2005N263 02:05:14.785 -04:56:39.42 0.368
2005N278 23:28:17.635 -09:23:10.72 0.304
2005N285 23:23:51.223 -08:23:21.11 0.531
2005N322 02:29:00.489 -09:02:53.28 0.773
2005N326 23:29:58.238 -08:53:12.64 0.264
2005N346 23:28:58.378 -08:46:52.47 0.266
2005N368 23:30:32.048 -10:03:21.21 0.342
2005N395 02:07:32.467 -04:42:10.63 0.462
2005N400 01:13:13.233 -00:23:25.46 0.421
2005N404 02:31:31.563 -08:55:10.74 0.211
2005P425 23:29:56.181 -08:34:24.40 0.458
2005P429 23:26:02.202 -08:35:47.40 0.548
2005P444 02:06:36.011 -03:41:35.15 0.633
2005P445 01:13:14.582 +00:48:47.34 0.807
2005P454 02:08:32.478 -03:33:33.98 0.691
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Table D.1 – Continued
ESSENCE ID RA DEC Redshift
2005P455 02:11:00.325 -04:09:36.42 0.297
2005P459 02:10:20.105 -04:33:15.17 0.702
2005P520 02:08:09.334 -03:48:05.02 0.643
2005P524 02:30:10.149 -08:52:50.86 0.511
2005P527 02:08:10.419 -03:32:17.10 0.435
2005P528 02:07:04.653 -03:28:05.15 0.782
2006Q002 02:05:12.948 -03:39:01.02 0.347
2006Q006 02:10:52.123 -03:57:37.39 0.290
2006Q007 02:08:33.829 -03:57:13.80 0.214
2006Q008 02:34:42.313 -08:30:39.75 0.287
2006Q014 02:30:10.384 -08:06:54.17 0.269
2006Q018 02:31:39.055 -08:18:04.34 0.270
2006Q021 02:33:43.904 -08:05:49.80 0.360
2006Q022 01:12:03.858 -00:01:28.92 0.226
2006Q048 01:15:11.681 -00:28:01.92 0.440
2006Q049 02:32:02.634 -09:07:21.56 0.420
2006Q054 02:30:54.158 -08:57:41.97 0.327
2006Q061 01:14:47.189 +00:10:13.27 0.300
2006Q067 02:30:37.349 -07:57:04.16 0.183
2006Q069 01:11:31.468 +00:24:34.28 0.247
2006Q075 02:31:37.727 -08:06:41.99 0.428
2006Q102 01:15:13.334 +00:23:57.79 0.435
2006Q106 02:30:17.162 -08:40:51.22 0.475
2006Q107 02:09:03.041 -03:28:27.59 0.652
2006Q108 02:05:55.037 -04:00:53.04 0.623
2006Q112 01:08:44.038 -00:31:36.21 0.637
2006Q114 01:08:48.531 +00:17:21.29 0.687
2006Q125 01:07:48.400 -00:06:35.39 0.349
2006R185 01:11:48.271 -00:29:48.76 0.179
2006R186 02:06:30.271 -04:05:31.36 0.313
2006R190 02:10:10.260 -04:44:12.55 0.355
2006R193 02:33:29.469 -08:30:13.98 0.613
2006R195 02:09:51.367 -03:43:33.70 0.542
2006R196 02:09:11.131 -03:44:42.68 0.260
2006R199 02:32:16.094 -08:48:34.61 0.410
2006R200 01:14:24.172 +01:02:39.01 0.280
2006R206 01:14:48.062 +00:06:39.72 0.610
2006R207 02:08:11.588 -03:51:41.85 0.560
2006R209 02:08:13.101 -03:46:22.52 0.445
2006R213 02:10:33.816 -04:04:03.37 0.327
2006R225 02:06:18.244 -04:51:32.76 0.415
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Table D.1 – Continued
ESSENCE ID RA DEC Redshift
2006R230 02:33:49.152 -08:59:15.80 0.260
2006R311 01:10:55.178 -00:27:52.50 0.799
2006R317 01:13:24.464 +00:51:31.39 0.336
2006R318 02:07:11.627 -03:57:10.87 0.221
2006R322 02:04:14.170 -04:40:19.20 0.514
2006S340 01:09:23.292 +00:42:41.45 0.531
2006S346 01:09:17.252 -00:40:28.28 0.270
2006S347 01:07:52.824 +00:27:56.83 0.313
2006S349 01:09:17.304 +00:09:11.12 0.215
2006S350 02:07:34.233 -04:00:03.39 0.682
2006S351 02:09:14.085 -04:37:11.90 0.728
2006S353 02:28:29.394 -07:53:28.95 0.595
2006S355 02:05:35.968 -05:08:46.82 0.674
2006S362 02:10:00.663 -04:05:59.69 0.262
2006S370 02:29:56.618 -07:59:50.14 0.440
2006S372 02:08:24.243 -03:27:32.73 0.707
2006S373 02:10:47.747 -04:24:55.19 0.651
2006S374 02:35:34.234 -08:34:22.07 0.757
2006S375 02:10:18.515 -03:32:25.26 0.557
2006S377 01:08:54.211 +00:17:56.52 0.399
2006S379 01:10:45.379 +00:34:04.80 0.192
2006S380 02:09:00.000 -05:07:42.07 0.636
2007X016 02:04:26.886 -03:44:19.23 0.344
2007X017 01:13:15.785 -00:01:30.32 0.423
2007X020 02:09:29.396 -03:35:35.13 0.650
2007X025 01:14:41.152 +00:46:54.51 0.355
2007X033 01:09:59.327 -00:01:08.10 0.405
2007X034 02:10:57.470 -05:00:24.80 0.531
2007X039 02:29:18.074 -07:39:01.91 0.771
2007X066 02:11:04.661 -04:11:48.97 0.329
2007X071 02:10:09.812 -04:39:48.92 0.487
2007X077 02:30:23.908 -09:13:39.85 0.520
2007X080 01:11:04.957 -00:15:43.81 0.372
2007X085 02:29:42.127 -09:02:05.54 0.635
2007X089 02:06:04.788 -03:32:30.52 0.500
2007X107 02:29:23.340 -07:52:27.51 0.146
2007Y125 02:05:13.365 -05:01:43.00 0.311
2007Y127 02:28:34.379 -08:23:49.48 0.552
2007Y134 01:07:58.145 +00:27:48.79 0.317
2007Y136 02:30:07.160 -08:43:09.45 0.520
2007Y137 01:11:20.525 -00:12:20.25 0.374
187
Table D.1 – Continued
ESSENCE ID RA DEC Redshift
2007Y142 02:30:13.172 -09:15:39.33 0.582
2007Y143 02:07:24.152 -03:51:55.15 0.463
2007Y145 01:10:31.935 +00:35:49.67 0.552
2007Y151 02:10:15.575 -04:04:07.87 0.584
2007Y154 02:09:36.812 -04:51:51.33 0.654
2007Y155 01:07:56.079 +00:17:41.41 0.797
2007Y156 01:09:09.862 -00:14:01.02 0.662
2007Y158 02:06:30.754 -04:09:55.52 0.486
2007Y175 02:34:57.460 -08:03:57.79 0.413
2007Y177 02:33:19.071 -08:32:30.46 0.306
2007Z180 01:10:54.926 -00:22:53.49 0.458
2007Z181 02:07:16.487 -04:42:22.37 0.620
2007Z183 01:14:22.741 +01:07:45.65 0.281
2007Z185 01:15:12.005 -00:02:08.38 0.407
2007Z187 01:12:29.206 +00:17:02.23 0.296
2007Z200 01:14:43.182 +00:54:28.33 0.455
2007Z202 02:04:21.317 -03:54:10.94 0.221
2007Z203 02:08:41.597 -03:34:10.48 0.250
2007Z205 02:30:23.630 -09:12:19.61 0.406
2007Z208 01:14:01.125 +00:53:44.91 0.530
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Table D.2 Observed Kron Photometry
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2002B010 > 23.00 - > 23.00 - - - - - 22.43 0.05 21.78 0.07 - -
2002B013 > 23.00 - > 23.00 - 23.81 0.08 21.70 0.03 21.73 0.01 21.19 0.02 - -
2002B016 18.78 0.04 21.67 0.12 - - - - 18.73 0.00 18.00 0.00 18.36 0.01
2002B017 20.74 0.09 21.35 0.10 - - - - 19.68 0.01 18.86 0.00 19.16 0.04
2002B020 - - - - - - - - 23.11 0.05 23.07 0.09 - -
2002B022 - - - - - - - - 22.97 0.02 22.06 0.04 - -
2002C015 > 23.00 - > 23.00 - 25.31 0.25 23.90 0.19 22.41 0.03 20.98 0.03 - -
2003D033 > 23.00 - > 23.00 - - - - - 20.80 0.01 19.87 0.01 17.69 0.03
2003D058 > 23.00 - > 23.00 - - - - - 20.73 0.01 19.13 0.01 19.06 0.02
2003D083 > 23.00 - > 23.00 - - - - - 25.56 0.12 24.50 0.17 - -
2003D084 > 23.00 - > 23.00 - 22.67 0.10 - - 21.26 0.01 20.07 0.01 - -
2003D085 > 23.00 - > 23.00 - - - - - 22.20 0.02 21.53 0.03 21.78 0.22
2003D086 22.19 0.17 22.76 0.19 - - - - 21.38 0.02 19.96 0.02 - -
2003D089 > 23.00 - > 23.00 - - - - - 23.83 0.04 22.88 0.06 - -
2003D093 > 23.00 - > 23.00 - 23.25 0.07 22.33 0.06 21.85 0.02 20.59 0.02 - -
2003D097 - - - - - - - - 23.46 0.05 21.72 0.04 - -
2003D099 > 23.00 - > 23.00 - - - - - 23.32 0.04 22.92 0.06 - -
2003D100 20.79 0.09 22.06 0.10 - - - - 19.32 0.00 18.60 0.00 19.26 0.02
2003D117 20.62 0.09 21.00 0.10 21.61 0.02 - - 19.38 0.00 18.44 0.00 - -
2003D149 - - - - - - - - 20.35 0.01 19.88 0.01 - -
2003E020 24.78 0.76 22.03 0.14 - - - - 18.64 0.00 18.21 0.00 16.50 0.01
2003E027 - - - - - - - - 22.90 0.03 21.46 0.02 - -
2003E029 21.74 0.15 21.95 0.17 - - - - 19.55 0.00 18.73 0.00 - -
2003E108 > 23.00 - > 23.00 - - - - - 24.11 0.05 23.49 0.17 - -
2003E132 - - - - - - - - 19.33 0.00 18.66 0.00 - -
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Table D.2 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2003E136 - - - - - - - - 22.06 0.02 21.27 0.02 - -
2003E140 > 23.00 - > 23.00 - 26.17 0.25 - - 22.64 0.04 23.80 0.10 - -
2003E148 21.46 0.14 23.26 0.27 23.81 0.08 21.70 0.03 21.93 0.01 21.17 0.01 - -
2003E149 > 23.00 - > 23.00 - 23.92 0.09 23.12 0.15 23.12 0.03 21.84 0.03 - -
2003E309 > 23.00 - > 23.00 - - - - - 23.69 0.11 24.20 0.13 - -
2003F096 > 23.00 - > 23.00 - - - - - 22.10 0.03 21.60 0.03 - -
2003F123 - - - - - - - - 21.49 0.01 20.42 0.01 - -
2003F216 > 23.00 - > 23.00 - 24.29 0.12 - - 21.17 0.01 19.72 0.01 - -
2003F221 - - - - - - - - 20.70 0.01 19.33 0.01 - -
2003F235 > 23.00 - > 23.00 - - - - - 23.49 0.06 22.94 0.07 - -
2003F244 > 23.00 - > 23.00 - - - - - 23.66 0.10 22.94 0.07 - -
2003F301 22.54 0.25 21.72 0.14 - - - - 21.75 0.02 21.33 0.02 21.65 0.12
2003F308 > 23.00 - > 23.00 - - - - - 25.56 0.16 24.71 0.21 - -
2004G001 21.75 0.14 21.92 0.12 - - - - 18.38 0.00 17.51 0.00 17.90 0.01
2004G005 21.40 0.12 21.57 0.12 - - - - 17.59 0.00 16.90 0.00 16.79 0.01
2004G043 - - - - - - - - 22.17 0.02 20.96 0.03 - -
2004G050 > 23.00 - > 23.00 - - - - - 21.39 0.02 19.88 0.01 20.45 0.06
2004G053 - - - - - - - - 24.90 0.24 20.21 0.04 - -
2004G055 > 23.00 - > 23.00 - - - - - 19.40 0.00 18.73 0.00 18.98 0.01
2004G097 20.79 0.09 21.58 0.08 - - - - 19.45 0.01 18.88 0.01 19.63 0.03
2004G120 > 23.00 - > 23.00 - - - - - 20.14 0.01 19.32 0.01 19.87 0.03
2004G142 > 23.00 - > 23.00 - - - - - 20.90 0.01 20.29 0.01 19.18 0.04
2004G160 > 23.00 - > 23.00 - - - - - 23.44 0.06 24.26 0.14 - -
2004G225 20.83 0.09 22.65 0.16 - - - - 20.81 0.01 19.65 0.01 20.51 0.08
2004G230 > 23.00 - > 23.00 - - - 24.95 0.05 20.30 0.01 19.05 0.01 - -
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Table D.2 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2004G276 - - - - - - - - 19.25 0.01 18.89 0.00 - -
2004H283 - - - - - - - - 20.89 0.01 20.12 0.01 - -
2004H300 > 23.00 - > 23.00 - - - - - 26.01 0.20 24.94 0.17 - -
2004H311 > 23.00 - > 23.00 - - - - - 22.10 0.02 21.10 0.02 20.05 0.07
2004H319 - - - - - - - - 21.30 0.01 21.21 0.02 - -
2004H323 > 23.00 - > 23.00 - - - - - 23.52 0.06 22.61 0.07 - -
2004H359 - - - - - - - - 21.82 0.02 21.79 0.04 - -
2004H363 - - - - - - - - 17.58 0.00 16.79 0.00 - -
2004H364 > 23.00 - > 23.00 - 25.23 0.30 - - 22.38 0.03 21.54 0.04 - -
2004K396 21.49 0.12 22.31 0.15 - - - - 18.23 0.00 17.49 0.00 17.74 0.01
2004K411 > 23.00 - > 23.00 - - - - - 25.44 0.30 24.44 0.22 - -
2004K425 20.89 0.10 20.98 0.07 - - - - 19.07 0.00 18.68 0.00 19.01 0.01
2004K429 21.67 0.14 22.81 0.21 - - - - 21.59 0.02 20.06 0.02 - -
2004K430 21.60 0.14 24.52 0.54 - - - - 21.33 0.01 20.61 0.01 21.61 0.10
2004K432 > 23.00 - > 23.00 - - - - - 23.96 0.09 23.12 0.09 21.91 0.15
2004K441 > 23.00 - > 23.00 - - - - - 24.04 0.04 22.37 0.04 - -
2004K448 > 23.00 - > 23.00 - - - - - 21.47 0.01 20.91 0.02 20.97 0.08
2004K467 > 23.00 - > 23.00 - - - - - 22.16 0.03 20.12 0.02 19.14 0.05
2004K485 - - - - - - - - 20.63 0.01 20.18 0.01 - -
2004K490 > 23.00 - > 23.00 - - - - - 24.64 0.13 22.60 0.10 - -
2005M001 > 23.00 - > 23.00 - - - - - 21.93 0.02 21.23 0.02 21.47 0.07
2005M006 20.09 0.17 19.44 0.08 17.26 0.00 - - 15.74 0.00 15.04 0.00 - -
2005M022 > 23.00 - > 23.00 - - - - - 25.77 0.19 21.47 0.06 - -
2005M026 > 23.00 - > 23.00 - - - - - 26.02 0.33 26.34 0.42 - -
2005M027 > 23.00 - > 23.00 - - - - - 21.67 0.02 21.16 0.01 19.61 0.04191
Table D.2 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2005M032 > 23.00 - > 23.00 - - - - - 21.19 0.02 21.06 0.03 22.85 0.28
2005M034 > 23.00 - > 23.00 - - - - - 23.12 0.05 22.05 0.05 22.22 0.21
2005M039 20.90 0.10 21.06 0.09 - - - - 18.56 0.00 17.79 0.00 18.39 0.02
2005M040 22.81 0.25 24.48 0.48 - - - - 20.18 0.01 19.09 0.01 19.84 0.04
2005M043 21.94 0.17 24.02 0.55 - - - - 21.31 0.02 21.16 0.01 21.38 0.14
2005M057 - - - - - - - - 23.95 0.04 23.39 0.08 - -
2005M062 20.86 0.09 21.76 0.11 - - - - 18.99 0.00 18.05 0.00 18.65 0.02
2005M070 21.09 0.11 21.42 0.11 20.96 0.01 - - 19.60 0.00 18.97 0.00 - -
2005M075 21.76 0.16 24.22 0.45 - - - - 18.37 0.00 17.42 0.00 17.24 0.01
2005M087 20.30 0.08 20.98 0.08 20.99 0.01 - - 19.68 0.00 18.67 0.00 - -
2005M158 > 23.00 - > 23.00 - - - - - 21.47 0.05 22.54 0.06 21.18 0.12
2005M193 > 23.00 - > 23.00 - - - - - 19.17 0.01 18.57 0.01 18.92 0.04
2005M226 - - - - - - - - 22.35 0.04 21.90 0.04 - -
2005N246 > 23.00 - > 23.00 - - - - - 23.42 0.04 22.57 0.04 23.36 0.25
2005N258 - - - - - - - - 20.10 0.01 19.60 0.01 - -
2005N263 - - - - - - - - 18.61 0.00 17.92 0.00 - -
2005N278 21.54 0.13 22.70 0.21 - - - - 19.01 0.00 18.14 0.00 18.17 0.02
2005N285 22.15 0.17 23.56 0.35 - - - - 21.58 0.02 20.94 0.02 - -
2005N322 22.60 0.22 24.20 0.42 - - - - 22.66 0.03 21.62 0.02 - -
2005N326 22.50 1.20 22.50 1.20 - - - - 17.39 0.00 16.53 0.00 16.75 0.01
2005N346 > 23.00 - > 23.00 - - - - - 20.06 0.01 19.56 0.01 19.91 0.04
2005N368 > 23.00 - > 23.00 - - - - - 19.72 0.01 19.06 0.01 - -
2005N395 - - - - - - - - 21.05 0.01 20.58 0.01 - -
2005N400 > 23.00 - > 23.00 - - - - - 21.29 0.01 20.39 0.01 20.64 0.08
2005N404 20.90 0.09 21.06 0.09 21.01 0.01 - - 19.28 0.00 17.89 0.00 - -
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Table D.2 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2005P425 > 23.00 - > 23.00 - - - - - 22.56 0.04 21.89 0.04 22.96 0.26
2005P429 > 23.00 - > 23.00 - - - - - 21.51 0.02 20.58 0.02 19.24 0.05
2005P444 - - - - - - - - 24.13 0.06 21.75 0.04 - -
2005P445 22.07 0.19 24.12 0.40 - - - - 22.61 0.03 22.28 0.04 - -
2005P454 - - - - - - - - 24.08 0.04 22.11 0.04 - -
2005P455 - - - - - - - - 18.28 0.00 17.59 0.00 - -
2005P459 - - - - - - - - 24.70 0.07 25.08 0.17 - -
2005P520 - - - - - - - - 25.17 0.09 25.03 0.22 - -
2005P524 > 23.00 - > 23.00 - - - - - 27.02 0.23 26.33 0.32 - -
2005P527 - - - - - - - - 21.14 0.01 20.10 0.01 - -
2005P528 - - - - - - - - 24.22 0.05 23.42 0.10 - -
2006Q002 - - - - - - - - 19.73 0.00 18.95 0.00 - -
2006Q006 - - - - - - - - 19.20 0.00 18.21 0.00 - -
2006Q007 - - - - - - - - 17.20 0.00 16.71 0.00 - -
2006Q008 20.29 0.09 20.30 0.08 20.88 0.02 - - 18.22 0.00 18.19 0.00 - -
2006Q014 > 23.00 - > 23.00 - 22.12 0.03 20.89 0.03 20.89 0.01 20.35 0.01 - -
2006Q018 22.37 0.20 21.22 0.10 21.45 0.02 19.95 0.01 19.38 0.00 18.60 0.00 - -
2006Q021 23.49 0.32 24.97 0.53 - - - - 21.88 0.01 20.83 0.03 - -
2006Q022 21.00 0.10 23.09 0.22 - - 23.38 0.02 20.81 0.01 19.95 0.01 20.70 0.06
2006Q048 > 23.00 - > 23.00 - - - - - 20.97 0.01 20.55 0.01 20.26 0.05
2006Q049 > 23.00 - > 23.00 - 24.87 0.14 - - 22.44 0.04 21.65 0.03 - -
2006Q054 20.98 0.10 20.50 0.06 20.41 0.01 - - 18.84 0.00 18.27 0.00 - -
2006Q061 > 23.00 - > 23.00 - - - 21.56 0.13 21.27 0.02 20.21 0.01 21.37 0.04
2006Q067 20.63 0.08 19.80 0.05 20.83 0.01 19.35 0.01 19.86 0.00 19.52 0.01 19.44 0.05
2006Q069 20.40 0.07 22.72 0.14 - - 22.60 0.02 21.07 0.01 20.39 0.01 18.01 0.03193
Table D.2 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2006Q075 > 23.00 - > 23.00 - 23.20 0.06 - - 21.49 0.02 19.99 0.02 18.02 0.03
2006Q102 > 23.00 - > 23.00 - - - - - 20.94 0.01 20.05 0.01 19.90 0.04
2006Q106 23.64 0.35 21.69 0.13 21.44 0.02 - - 19.21 0.00 18.30 0.00 - -
2006Q107 - - - - - - - - 23.80 0.06 23.22 0.09 - -
2006Q108 - - - - - - - - 25.99 0.30 23.29 0.16 - -
2006Q112 23.76 0.35 23.81 0.39 23.82 0.12 - - 22.73 0.02 20.92 0.03 19.63 0.06
2006Q114 > 23.00 - > 23.00 - - - - - 20.74 0.01 20.04 0.01 19.50 0.03
2006Q125 > 23.00 - > 23.00 - - - - - 23.13 0.05 23.29 0.08 - -
2006R185 > 23.00 - > 23.00 - - - - - 17.91 0.00 17.17 0.00 16.30 0.01
2006R186 - - - - - - - - 22.06 0.02 22.56 0.04 - -
2006R190 - - - - - - - - 18.61 0.00 18.14 0.00 - -
2006R193 > 23.00 - > 23.00 - 23.78 0.12 - - 22.00 0.02 20.71 0.02 - -
2006R195 - - - - - - - - 21.09 0.01 20.10 0.01 - -
2006R196 - - - - - - - - 19.08 0.00 18.56 0.00 - -
2006R199 21.28 0.12 19.90 0.06 21.32 0.02 - - 19.38 0.00 18.62 0.00 - -
2006R200 > 23.00 - > 23.00 - - - - - 21.92 0.02 21.20 0.02 - -
2006R206 > 23.00 - > 23.00 - - - - - 20.87 0.02 19.47 0.01 19.21 0.03
2006R207 - - - - - - - - 19.31 0.01 18.72 0.00 - -
2006R209 - - - - - - - - 19.95 0.01 19.36 0.00 - -
2006R213 - - - - - - - - 20.00 0.00 19.31 0.01 - -
2006R225 - - - - - - - - 22.46 0.03 22.01 0.02 - -
2006R230 21.59 0.16 23.85 0.41 24.04 0.15 - - 21.73 0.02 21.61 0.02 - -
2006R311 > 23.00 - > 23.00 - - - - - 24.68 0.07 23.69 0.17 - -
2006R317 > 23.00 - > 23.00 - - - - - 21.11 0.02 20.72 0.02 21.66 0.19
2006R318 - - - - - - - - 19.49 0.01 19.05 0.00 - -
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Table D.2 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2006R322 - - - - - - - - 22.38 0.03 21.31 0.03 - -
2006S340 > 23.00 - > 23.00 - - - - - 22.81 0.04 22.68 0.04 19.63 0.06
2006S346 19.81 0.06 22.54 0.18 21.69 0.02 - - 19.98 0.01 19.26 0.01 18.22 0.03
2006S347 > 23.00 - > 23.00 - - - - - 24.59 0.09 22.72 0.06 - -
2006S349 > 23.00 - > 23.00 - - - - - 19.82 0.00 18.90 0.00 18.87 0.02
2006S350 - - - - - - - - 20.35 0.02 20.11 0.01 - -
2006S351 - - - - - - - - 23.81 0.04 22.68 0.05 - -
2006S353 > 23.00 - > 23.00 - - - - - 21.82 0.01 20.41 0.01 17.52 0.02
2006S355 > 23.00 - > 23.00 - - - - - 22.82 0.03 21.86 0.03 - -
2006S362 - - - - - - - - 21.76 0.01 21.19 0.02 - -
2006S370 > 23.00 - > 23.00 - 24.64 0.15 - - 21.79 0.03 21.15 0.02 - -
2006S372 - - - - - - - - 21.69 0.03 21.03 0.01 - -
2006S373 - - - - - - - - 20.80 0.01 19.94 0.01 - -
2006S374 - - - - - - - - 23.01 0.06 22.90 0.12 - -
2006S375 - - - - - - - - 19.88 0.00 18.80 0.00 - -
2006S377 > 23.00 - > 23.00 - - - - - 22.02 0.03 22.22 0.03 21.47 0.11
2006S379 23.21 0.28 24.71 0.51 - - - - 19.70 0.00 18.94 0.00 19.55 0.02
2006S380 - - - - - - - - 23.42 0.04 21.91 0.03 - -
2007X016 - - - - - - - - 20.44 0.01 19.67 0.01 - -
2007X017 > 23.00 - > 23.00 - - - 20.80 0.01 20.20 0.01 18.13 0.01 17.35 0.01
2007X020 - - - - - - - - 23.69 0.11 23.13 0.07 - -
2007X025 20.67 0.10 21.98 0.18 - - - - 18.81 0.01 18.15 0.00 17.86 0.02
2007X033 > 23.00 - > 23.00 - - - - - 20.99 0.01 20.67 0.01 20.43 0.05
2007X034 - - - - - - - - 19.86 0.01 18.99 0.00 - -
2007X039 > 23.00 - > 23.00 - - - - - 25.47 0.17 22.37 0.11 - -195
Table D.2 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2007X066 - - - - - - - - 22.09 0.02 22.27 0.03 - -
2007X071 - - - - - - - - 21.25 0.01 20.88 0.01 - -
2007X077 > 23.00 - > 23.00 - 24.24 0.22 - - 24.51 0.07 24.77 0.14 - -
2007X080 > 23.00 - > 23.00 - - - - - 19.30 0.00 18.71 0.00 - -
2007X085 23.18 0.28 21.55 0.10 23.39 0.07 - - 22.07 0.02 21.44 0.03 - -
2007X089 - - - - - - - - 21.33 0.01 20.29 0.01 - -
2007X107 23.77 0.38 22.02 0.14 - - - - 20.97 0.01 20.24 0.01 - -
2007Y125 - - - - - - - - 22.47 0.02 21.14 0.03 - -
2007Y127 > 23.00 - > 23.00 - - - - - 22.26 0.03 21.04 0.01 - -
2007Y134 > 23.00 - > 23.00 - - - - - 20.18 0.01 19.36 0.01 - -
2007Y136 > 23.00 - > 23.00 - 25.20 0.19 - - 22.05 0.02 21.73 0.02 - -
2007Y137 > 23.00 - > 23.00 - - - - - 21.39 0.02 21.94 0.03 - -
2007Y142 25.32 0.71 24.91 0.48 23.53 0.15 - - 23.38 0.04 23.06 0.05 - -
2007Y143 - - - - - - - - 20.97 0.01 20.19 0.01 - -
2007Y145 > 23.00 - > 23.00 - - - - - 21.74 0.02 20.85 0.02 - -
2007Y151 - - - - - - - - 20.20 0.01 19.55 0.01 - -
2007Y154 - - - - - - - - 21.74 0.03 20.84 0.01 - -
2007Y155 > 23.00 - > 23.00 - - - - - 26.54 0.37 25.92 0.32 - -
2007Y156 > 23.00 - > 23.00 - 24.63 0.12 - - 23.25 0.04 21.21 0.04 - -
2007Y158 - - - - - - - - 20.52 0.01 19.97 0.01 - -
2007Y175 22.68 0.23 24.26 0.36 22.64 0.06 - - 21.22 0.01 20.84 0.01 - -
2007Y177 24.49 0.52 22.86 0.26 23.18 0.08 - - 22.31 0.03 22.23 0.05 - -
2007Z180 > 23.00 - > 23.00 - - - - - 21.95 0.03 20.99 0.02 21.25 0.14
2007Z181 - - - - - - - - 20.72 0.01 19.96 0.02 - -
2007Z183 19.87 0.06 20.44 0.05 - - - - 21.86 0.02 21.10 0.02 21.90 0.10
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Table D.2 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2007Z185 > 23.00 - > 23.00 - - - 25.31 0.05 22.55 0.03 22.83 0.04 20.74 0.07
2007Z187 > 23.00 - > 23.00 - - - 22.59 0.02 19.99 0.01 19.17 0.00 19.76 0.03
2007Z200 > 23.00 - > 23.00 - - - - - 21.61 0.02 20.36 0.02 22.33 0.15
2007Z202 - - - - - - - - 19.32 0.00 18.83 0.00 - -
2007Z203 - - - - - - - - 23.71 0.06 24.19 0.12 - -
2007Z205 > 23.00 - > 23.00 - - - - - 23.79 0.05 23.66 0.12 - -
2007Z208 21.19 0.11 21.57 0.12 - - - - 22.62 0.02 22.49 0.04 - -
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Table D.3 Observed Petrosian Photometry
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2002B010 > 23.00 - > 23.00 - - - - - 21.94 0.04 21.33 0.06 - -
2002B013 > 23.00 - > 23.00 - 23.94 0.21 21.78 0.03 21.74 0.02 21.27 0.04 - -
2002B016 18.39 0.03 21.56 0.13 - - - - 18.68 0.00 17.98 0.00 18.41 0.03
2002B017 20.20 0.08 21.35 0.11 - - - - 19.55 0.01 18.73 0.01 19.11 0.05
2002B020 - - - - - - - - 22.52 0.05 22.54 0.08 - -
2002B022 - - - - - - - - 22.99 0.04 21.98 0.06 - -
2002C015 > 23.00 - > 23.00 - 25.45 0.42 23.85 0.22 21.81 0.03 20.50 0.03 - -
2003D033 > 23.00 - > 23.00 - - - - - 20.82 0.02 19.32 0.02 17.27 0.02
2003D058 > 23.00 - > 23.00 - - - - - 20.69 0.01 18.65 0.01 18.88 0.03
2003D083 > 23.00 - > 23.00 - - - - - 26.36 0.54 24.70 0.15 - -
2003D084 > 23.00 - > 23.00 - 22.45 0.10 - - 21.27 0.01 20.02 0.01 - -
2003D085 > 23.00 - > 23.00 - - - - - 22.20 0.03 21.47 0.04 21.72 0.21
2003D086 22.82 0.22 22.82 0.33 - - - - 21.62 0.04 19.53 0.02 - -
2003D089 > 23.00 - > 23.00 - - - - - 24.26 0.12 22.83 0.07 - -
2003D093 > 23.00 - > 23.00 - 23.15 0.09 22.23 0.09 21.81 0.02 20.02 0.02 - -
2003D097 - - - - - - - - 23.15 0.05 21.24 0.03 - -
2003D099 > 23.00 - > 23.00 - - - - - 23.78 0.12 23.17 0.14 - -
2003D100 19.96 0.06 22.04 0.13 - - - - 19.27 0.00 18.58 0.00 19.46 0.05
2003D117 20.27 0.08 20.34 0.07 21.61 0.05 - - 19.33 0.00 18.37 0.00 - -
2003D149 - - - - - - - - 20.34 0.01 19.88 0.01 - -
2003E020 24.67 0.61 21.72 0.16 - - - - 18.61 0.00 18.20 0.00 15.82 0.01
2003E027 - - - - - - - - 22.95 0.08 21.65 0.04 - -
2003E029 22.09 0.16 21.91 0.17 - - - - 19.52 0.00 18.71 0.00 - -
2003E108 > 23.00 - > 23.00 - - - - - 24.46 0.13 23.43 0.18 - -
2003E132 - - - - - - - - 19.30 0.00 18.61 0.01 - -
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Table D.3 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2003E136 - - - - - - - - 22.44 0.08 21.31 0.03 - -
2003E140 > 23.00 - > 23.00 - 26.43 0.72 - - 22.14 0.03 24.47 0.33 - -
2003E148 20.97 0.12 23.74 0.32 23.94 0.21 21.78 0.03 21.94 0.02 21.17 0.02 - -
2003E149 > 23.00 - > 23.00 - 24.08 0.21 22.82 0.15 23.48 0.08 21.80 0.04 - -
2003E309 > 23.00 - > 23.00 - - - - - 23.69 0.14 24.94 0.68 - -
2003F096 > 23.00 - > 23.00 - - - - - 22.14 0.03 21.68 0.05 - -
2003F123 - - - - - - - - 21.45 0.01 20.37 0.01 - -
2003F216 > 23.00 - > 23.00 - 24.28 0.21 - - 21.16 0.01 19.18 0.01 - -
2003F221 - - - - - - - - 20.50 0.01 18.70 0.01 - -
2003F235 > 23.00 - > 23.00 - - - - - 23.40 0.06 22.76 0.08 - -
2003F244 > 23.00 - > 23.00 - - - - - 24.40 0.29 23.04 0.11 - -
2003F301 23.12 0.31 22.83 0.20 - - - - 21.26 0.02 21.46 0.04 21.72 0.22
2003F308 > 23.00 - > 23.00 - - - - - 25.51 0.19 25.16 0.20 - -
2004G001 22.82 0.21 21.92 0.12 - - - - 18.33 0.00 17.47 0.00 17.86 0.01
2004G005 22.47 0.18 21.52 0.12 - - - - 17.53 0.00 16.84 0.00 16.62 0.01
2004G043 - - - - - - - - 22.03 0.02 20.42 0.02 - -
2004G050 > 23.00 - > 23.00 - - - - - 21.32 0.02 19.31 0.01 20.41 0.09
2004G053 - - - - - - - - 25.46 0.55 19.82 0.04 - -
2004G055 > 23.00 - > 23.00 - - - - - 19.37 0.00 18.73 0.01 18.95 0.02
2004G097 21.52 0.12 21.67 0.12 - - - - 19.41 0.01 18.83 0.01 19.95 0.09
2004G120 > 23.00 - > 23.00 - - - - - 20.07 0.01 19.27 0.01 20.10 0.07
2004G142 > 23.00 - > 23.00 - - - - - 20.89 0.01 20.29 0.02 18.48 0.04
2004G160 > 23.00 - > 23.00 - - - - - 23.50 0.06 24.59 0.37 - -
2004G225 20.47 0.08 22.77 0.28 - - - - 20.79 0.02 19.06 0.01 20.71 0.08
2004G230 > 23.00 - > 23.00 - - - 24.95 0.05 20.23 0.01 18.95 0.01 - -199
Table D.3 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2004G276 - - - - - - - - 19.20 0.01 18.85 0.01 - -
2004H283 - - - - - - - - 20.87 0.01 20.10 0.01 - -
2004H300 > 23.00 - > 23.00 - - - - - 26.99 0.79 25.30 0.54 - -
2004H311 > 23.00 - > 23.00 - - - - - 22.05 0.03 21.00 0.03 19.47 0.06
2004H319 - - - - - - - - 21.06 0.01 21.13 0.03 - -
2004H323 > 23.00 - > 23.00 - - - - - 23.04 0.06 22.17 0.07 - -
2004H359 - - - - - - - - 21.25 0.02 21.59 0.05 - -
2004H363 - - - - - - - - 17.53 0.00 16.79 0.00 - -
2004H364 > 23.00 - > 23.00 - 25.20 0.31 - - 22.22 0.03 20.95 0.04 - -
2004K396 22.55 0.18 22.13 0.15 - - - - 18.16 0.00 17.42 0.00 17.68 0.02
2004K411 > 23.00 - > 23.00 - - - - - 99.00 **** 24.52 0.25 - -
2004K425 20.22 0.07 20.98 0.08 - - - - 19.05 0.00 18.71 0.01 19.22 0.03
2004K429 22.02 0.16 22.93 0.22 - - - - 21.69 0.04 19.49 0.02 - -
2004K430 23.00 0.25 24.89 0.80 - - - - 21.28 0.01 20.51 0.02 22.74 0.76
2004K432 > 23.00 - > 23.00 - - - - - 23.81 0.10 23.09 0.13 22.60 0.19
2004K441 > 23.00 - > 23.00 - - - - - 24.33 0.12 22.41 0.07 - -
2004K448 > 23.00 - > 23.00 - - - - - 21.42 0.02 20.85 0.02 20.89 0.11
2004K467 > 23.00 - > 23.00 - - - - - 22.11 0.04 19.50 0.02 18.61 0.04
2004K485 - - - - - - - - 20.49 0.01 20.10 0.01 - -
2004K490 > 23.00 - > 23.00 - - - - - 26.39 1.15 22.05 0.09 - -
2005M001 > 23.00 - > 23.00 - - - - - 21.87 0.02 21.13 0.03 21.63 0.19
2005M006 20.09 0.17 19.44 0.08 17.20 0.00 - - 15.69 0.00 14.99 0.00 - -
2005M022 > 23.00 - > 23.00 - - - - - 25.69 0.46 21.03 0.05 - -
2005M026 > 23.00 - > 23.00 - - - - - 25.67 0.35 27.01 1.41 - -
2005M027 > 23.00 - > 23.00 - - - - - 21.59 0.02 21.18 0.03 19.11 0.03
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Table D.3 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2005M032 > 23.00 - > 23.00 - - - - - 20.66 0.02 20.98 0.03 23.34 0.26
2005M034 > 23.00 - > 23.00 - - - - - 24.02 0.23 22.05 0.08 22.06 0.20
2005M039 20.15 0.07 21.23 0.09 - - - - 18.53 0.00 17.73 0.00 18.90 0.06
2005M040 23.94 0.39 23.82 0.41 - - - - 20.14 0.01 19.01 0.01 20.15 0.11
2005M043 21.98 0.16 23.95 0.51 - - - - 21.25 0.02 21.32 0.04 21.41 0.15
2005M057 - - - - - - - - 24.17 0.10 23.39 0.13 - -
2005M062 20.36 0.07 21.81 0.11 - - - - 18.95 0.00 18.03 0.00 18.65 0.03
2005M070 20.08 0.07 21.56 0.11 20.96 0.02 - - 19.56 0.00 18.96 0.01 - -
2005M075 21.03 0.11 24.35 0.43 - - - - 18.33 0.00 17.40 0.01 17.22 0.01
2005M087 21.64 0.13 20.38 0.07 20.99 0.02 - - 19.66 0.00 18.63 0.00 - -
2005M158 > 23.00 - > 23.00 - - - - - 20.95 0.05 22.88 0.14 22.55 0.15
2005M193 > 23.00 - > 23.00 - - - - - 19.13 0.01 18.44 0.01 19.04 0.07
2005M226 - - - - - - - - 21.82 0.04 21.57 0.04 - -
2005N246 > 23.00 - > 23.00 - - - - - 23.92 0.14 22.79 0.09 23.39 0.28
2005N258 - - - - - - - - 20.10 0.01 19.67 0.01 - -
2005N263 - - - - - - - - 18.55 0.00 17.89 0.00 - -
2005N278 20.94 0.10 22.49 0.23 - - - - 18.97 0.00 18.09 0.00 17.91 0.02
2005N285 21.79 0.15 23.49 0.48 - - - - 21.65 0.03 20.91 0.03 - -
2005N322 22.18 0.19 23.55 0.35 - - - - 22.62 0.03 21.63 0.04 - -
2005N326 22.50 1.20 22.50 1.20 - - - - 17.25 0.00 16.42 0.00 16.60 0.02
2005N346 > 23.00 - > 23.00 - - - - - 20.02 0.01 19.55 0.01 19.92 0.06
2005N368 > 23.00 - > 23.00 - - - - - 19.72 0.01 19.06 0.01 - -
2005N395 - - - - - - - - 21.04 0.02 20.53 0.02 - -
2005N400 > 23.00 - > 23.00 - - - - - 21.28 0.01 20.28 0.02 20.66 0.07
2005N404 20.20 0.07 20.51 0.08 21.11 0.03 - - 19.24 0.01 17.84 0.00 - -201
Table D.3 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2005P425 > 23.00 - > 23.00 - - - - - 22.42 0.05 21.96 0.07 24.26 0.29
2005P429 > 23.00 - > 23.00 - - - - - 21.47 0.02 20.28 0.02 18.72 0.04
2005P444 - - - - - - - - 24.80 0.21 21.21 0.03 - -
2005P445 23.33 0.29 23.82 0.32 - - - - 22.33 0.03 22.35 0.07 - -
2005P454 - - - - - - - - 24.37 0.11 22.10 0.06 - -
2005P455 - - - - - - - - 18.22 0.00 17.51 0.00 - -
2005P459 - - - - - - - - 25.45 0.28 25.08 0.17 - -
2005P520 - - - - - - - - 25.01 0.19 25.03 0.34 - -
2005P524 > 23.00 - > 23.00 - - - - - 26.85 0.38 27.98 3.00 - -
2005P527 - - - - - - - - 21.10 0.01 20.03 0.01 - -
2005P528 - - - - - - - - 24.66 0.18 24.05 0.28 - -
2006Q002 - - - - - - - - 19.69 0.00 18.91 0.00 - -
2006Q006 - - - - - - - - 19.15 0.00 18.17 0.00 - -
2006Q007 - - - - - - - - 17.14 0.00 16.69 0.00 - -
2006Q008 20.29 0.09 20.30 0.08 20.81 0.02 - - 18.17 0.00 18.16 0.00 - -
2006Q014 > 23.00 - > 23.00 - 22.15 0.05 20.72 0.03 20.91 0.01 20.41 0.02 - -
2006Q018 23.39 0.30 20.86 0.09 21.50 0.04 19.90 0.02 19.34 0.00 18.56 0.00 - -
2006Q021 24.33 0.45 25.31 0.82 - - - - 22.04 0.04 20.75 0.04 - -
2006Q022 22.44 0.18 23.77 0.27 - - 23.38 0.02 20.79 0.01 19.93 0.01 21.56 0.31
2006Q048 > 23.00 - > 23.00 - - - - - 20.94 0.01 20.55 0.02 20.18 0.05
2006Q049 > 23.00 - > 23.00 - 25.39 0.55 - - 22.43 0.05 21.55 0.04 - -
2006Q054 21.42 0.11 20.59 0.06 20.40 0.01 - - 18.81 0.00 18.24 0.00 - -
2006Q061 > 23.00 - > 23.00 - - - 21.59 0.09 21.25 0.02 19.81 0.02 22.91 0.41
2006Q067 19.95 0.06 19.44 0.04 20.92 0.02 19.32 0.01 19.80 0.01 19.43 0.01 19.44 0.05
2006Q069 19.93 0.06 23.23 0.34 - - 22.60 0.02 21.03 0.01 20.36 0.01 17.61 0.03
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Table D.3 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2006Q075 > 23.00 - > 23.00 - 23.66 0.23 - - 22.01 0.09 19.52 0.02 17.56 0.03
2006Q102 > 23.00 - > 23.00 - - - - - 20.95 0.02 19.48 0.01 20.20 0.08
2006Q106 23.70 0.36 22.55 0.16 21.43 0.04 - - 19.15 0.00 18.23 0.00 - -
2006Q107 - - - - - - - - 24.08 0.10 23.11 0.12 - -
2006Q108 - - - - - - - - 99.00 **** 23.38 0.16 - -
2006Q112 24.02 0.38 24.48 0.36 24.02 0.12 - - 22.70 0.04 20.32 0.02 19.22 0.05
2006Q114 > 23.00 - > 23.00 - - - - - 20.26 0.02 19.99 0.02 18.93 0.03
2006Q125 > 23.00 - > 23.00 - - - - - 22.63 0.05 22.87 0.09 - -
2006R185 > 23.00 - > 23.00 - - - - - 17.78 0.00 16.98 0.00 15.69 0.01
2006R186 - - - - - - - - 22.00 0.03 23.45 0.21 - -
2006R190 - - - - - - - - 18.56 0.00 18.06 0.01 - -
2006R193 > 23.00 - > 23.00 - 23.87 0.23 - - 21.99 0.02 20.07 0.02 - -
2006R195 - - - - - - - - 21.01 0.01 19.96 0.01 - -
2006R196 - - - - - - - - 19.04 0.00 18.52 0.00 - -
2006R199 22.57 0.20 19.40 0.05 21.27 0.02 - - 19.33 0.00 18.58 0.00 - -
2006R200 > 23.00 - > 23.00 - - - - - 21.40 0.02 21.20 0.03 - -
2006R206 > 23.00 - > 23.00 - - - - - 20.80 0.02 19.05 0.01 18.72 0.03
2006R207 - - - - - - - - 19.22 0.01 18.67 0.01 - -
2006R209 - - - - - - - - 19.85 0.01 19.33 0.01 - -
2006R213 - - - - - - - - 19.97 0.01 19.28 0.01 - -
2006R225 - - - - - - - - 22.61 0.07 22.29 0.07 - -
2006R230 22.69 0.22 23.60 0.37 23.95 0.20 - - 21.53 0.02 21.61 0.04 - -
2006R311 > 23.00 - > 23.00 - - - - - 24.98 0.21 23.61 0.18 - -
2006R317 > 23.00 - > 23.00 - - - - - 21.05 0.02 20.51 0.03 21.97 0.31
2006R318 - - - - - - - - 19.34 0.01 18.99 0.00 - -203
Table D.3 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2006R322 - - - - - - - - 22.78 0.09 21.27 0.04 - -
2006S340 > 23.00 - > 23.00 - - - - - 22.73 0.05 22.91 0.11 19.36 0.06
2006S346 19.39 0.05 22.45 0.20 21.68 0.04 - - 19.93 0.01 19.22 0.01 17.63 0.03
2006S347 > 23.00 - > 23.00 - - - - - 24.96 0.21 22.25 0.06 - -
2006S349 > 23.00 - > 23.00 - - - - - 19.79 0.01 18.86 0.00 18.78 0.02
2006S350 - - - - - - - - 19.78 0.02 20.08 0.01 - -
2006S351 - - - - - - - - 23.94 0.08 22.62 0.08 - -
2006S353 > 23.00 - > 23.00 - - - - - 21.81 0.03 20.38 0.02 17.08 0.02
2006S355 > 23.00 - > 23.00 - - - - - 23.53 0.13 21.91 0.05 - -
2006S362 - - - - - - - - 21.79 0.02 21.21 0.03 - -
2006S370 > 23.00 - > 23.00 - 24.74 0.38 - - 21.81 0.03 21.11 0.03 - -
2006S372 - - - - - - - - 21.62 0.03 20.98 0.02 - -
2006S373 - - - - - - - - 20.73 0.01 19.90 0.01 - -
2006S374 - - - - - - - - 22.51 0.05 23.19 0.12 - -
2006S375 - - - - - - - - 19.83 0.01 18.74 0.01 - -
2006S377 > 23.00 - > 23.00 - - - - - 21.84 0.03 22.43 0.08 21.61 0.11
2006S379 23.21 0.28 24.71 0.51 - - - - 19.65 0.00 18.91 0.00 19.85 0.07
2006S380 - - - - - - - - 23.60 0.09 21.90 0.04 - -
2007X016 - - - - - - - - 20.41 0.01 19.52 0.01 - -
2007X017 > 23.00 - > 23.00 - - - 20.80 0.01 20.18 0.01 18.45 0.02 17.65 0.05
2007X020 - - - - - - - - 23.65 0.13 23.24 0.12 - -
2007X025 19.86 0.07 23.13 0.23 - - - - 18.73 0.01 18.08 0.00 17.63 0.03
2007X033 > 23.00 - > 23.00 - - - - - 20.91 0.01 20.68 0.02 20.34 0.07
2007X034 - - - - - - - - 19.73 0.01 18.89 0.01 - -
2007X039 > 23.00 - > 23.00 - - - - - 25.96 0.72 21.84 0.10 - -
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Table D.3 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2007X066 - - - - - - - - 22.08 0.02 22.56 0.11 - -
2007X071 - - - - - - - - 21.22 0.02 20.96 0.03 - -
2007X077 > 23.00 - > 23.00 - 24.15 0.24 - - 25.09 0.22 25.68 0.90 - -
2007X080 > 23.00 - > 23.00 - - - - - 19.24 0.00 18.68 0.01 - -
2007X085 24.07 0.39 21.29 0.09 24.07 0.29 - - 22.02 0.03 21.46 0.05 - -
2007X089 - - - - - - - - 21.24 0.01 20.15 0.01 - -
2007X107 23.60 0.35 21.65 0.12 - - - - 20.94 0.01 20.21 0.01 - -
2007Y125 - - - - - - - - 22.63 0.04 20.47 0.02 - -
2007Y127 > 23.00 - > 23.00 - - - - - 22.40 0.07 21.03 0.02 - -
2007Y134 > 23.00 - > 23.00 - - - - - 20.13 0.01 19.32 0.01 - -
2007Y136 > 23.00 - > 23.00 - 25.20 0.19 - - 21.99 0.02 21.85 0.05 - -
2007Y137 > 23.00 - > 23.00 - - - - - 21.26 0.02 22.26 0.09 - -
2007Y142 25.48 0.98 24.92 0.45 23.52 0.14 - - 23.37 0.05 23.12 0.10 - -
2007Y143 - - - - - - - - 20.89 0.01 20.15 0.01 - -
2007Y145 > 23.00 - > 23.00 - - - - - 21.64 0.03 20.32 0.02 - -
2007Y151 - - - - - - - - 20.18 0.01 19.53 0.01 - -
2007Y154 - - - - - - - - 21.80 0.04 20.81 0.02 - -
2007Y155 > 23.00 - > 23.00 - - - - - 26.54 0.37 25.89 0.30 - -
2007Y156 > 23.00 - > 23.00 - 24.61 0.30 - - 23.39 0.07 20.69 0.03 - -
2007Y158 - - - - - - - - 20.45 0.01 19.91 0.02 - -
2007Y175 22.92 0.25 23.92 0.38 22.56 0.07 - - 21.19 0.01 20.87 0.02 - -
2007Y177 24.49 0.55 22.54 0.23 23.17 0.12 - - 22.16 0.03 22.22 0.07 - -
2007Z180 > 23.00 - > 23.00 - - - - - 21.98 0.05 21.03 0.03 21.19 0.17
2007Z181 - - - - - - - - 20.14 0.01 19.57 0.02 - -
2007Z183 20.02 0.06 20.39 0.06 - - - - 21.78 0.02 20.95 0.03 21.95 0.23205
Table D.3 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2007Z185 > 23.00 - > 23.00 - - - 25.31 0.05 22.44 0.03 23.38 0.18 20.05 0.06
2007Z187 > 23.00 - > 23.00 - - - 22.59 0.02 19.93 0.01 19.12 0.01 19.80 0.06
2007Z200 > 23.00 - > 23.00 - - - - - 21.64 0.04 20.29 0.02 22.33 0.15
2007Z202 - - - - - - - - 19.28 0.00 18.79 0.00 - -
2007Z203 - - - - - - - - 24.36 0.26 24.23 0.26 - -
2007Z205 > 23.00 - > 23.00 - - - - - 24.21 0.12 24.06 0.25 - -
2007Z208 22.31 0.17 21.10 0.10 - - - - 22.64 0.04 22.50 0.07 - -
206
Table D.4 Observed Aperture Photometry
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2002B010 > 23.00 - > 23.00 - - - - - 25.62 0.10 24.65 0.15 - -
2002B013 > 23.00 - > 23.00 - 25.10 0.09 22.92 0.03 23.34 0.02 22.57 0.03 - -
2002B016 21.30 0.10 21.67 0.12 - - - - 21.31 0.01 20.36 0.01 20.79 0.02
2002B017 21.43 0.12 21.37 0.10 - - - - 21.66 0.01 20.87 0.01 21.29 0.04
2002B020 - - - - - - - - 24.87 0.07 24.27 0.09 - -
2002B022 - - - - - - - - 23.94 0.03 23.32 0.04 - -
2002C015 > 23.00 - > 23.00 - 25.84 0.18 25.38 0.24 24.58 0.05 23.68 0.06 - -
2003D033 > 23.00 - > 23.00 - - - - - 22.61 0.02 22.12 0.02 22.12 0.10
2003D058 > 23.00 - > 23.00 - - - - - 22.41 0.01 21.07 0.01 21.38 0.02
2003D083 > 23.00 - > 23.00 - - - - - 25.98 0.13 25.23 0.17 - -
2003D084 > 23.00 - > 23.00 - 25.23 0.12 - - 22.94 0.02 21.86 0.01 - -
2003D085 > 23.00 - > 23.00 - - - - - 23.44 0.03 22.69 0.03 23.52 0.25
2003D086 22.03 0.16 22.88 0.31 - - - - 23.68 0.03 22.96 0.03 - -
2003D089 > 23.00 - > 23.00 - - - - - 24.62 0.05 23.95 0.05 - -
2003D093 > 23.00 - > 23.00 - 24.71 0.07 23.83 0.06 23.22 0.02 22.51 0.02 - -
2003D097 - - - - - - - - 25.48 0.09 24.42 0.07 - -
2003D099 > 23.00 - > 23.00 - - - - - 24.40 0.05 23.86 0.06 - -
2003D100 21.31 0.10 22.07 0.16 - - - - 21.31 0.01 20.51 0.01 21.13 0.03
2003D117 21.55 0.13 21.47 0.11 23.95 0.04 - - 21.46 0.01 20.50 0.01 - -
2003D149 - - - - - - - - 22.49 0.01 21.83 0.01 - -
2003E020 24.00 1.00 21.92 0.14 - - - - 21.28 0.01 20.69 0.01 20.51 0.03
2003E027 - - - - - - - - 23.69 0.04 22.38 0.02 - -
2003E029 21.77 0.15 21.88 0.17 - - - - 21.53 0.01 20.66 0.01 - -
2003E108 > 23.00 - > 23.00 - - - - - 25.25 0.07 24.91 0.16 - -
2003E132 - - - - - - - - 21.75 0.01 21.01 0.01 - -
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Table D.4 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2003E136 - - - - - - - - 23.15 0.03 22.51 0.02 - -
2003E140 > 23.00 - > 23.00 - 26.26 0.27 - - 24.81 0.06 24.17 0.09 - -
2003E148 21.87 0.16 21.75 0.14 25.10 0.09 22.92 0.03 23.44 0.02 22.64 0.02 - -
2003E149 > 23.00 - > 23.00 - 25.53 0.14 25.06 0.17 24.40 0.04 23.51 0.04 - -
2003E309 > 23.00 - > 23.00 - - - - - 25.05 0.09 24.44 0.13 - -
2003F096 > 23.00 - > 23.00 - - - - - 23.22 0.03 23.03 0.03 - -
2003F123 - - - - - - - - 22.68 0.02 21.70 0.01 - -
2003F216 > 23.00 - > 23.00 - 25.24 0.11 - - 23.03 0.02 21.84 0.01 - -
2003F221 - - - - - - - - 22.57 0.01 21.66 0.01 - -
2003F235 > 23.00 - > 23.00 - - - - - 24.73 0.05 24.01 0.06 - -
2003F244 > 23.00 - > 23.00 - - - - - 24.66 0.08 23.93 0.06 - -
2003F301 22.01 0.20 21.25 0.11 - - - - 23.66 0.03 22.48 0.02 22.68 0.12
2003F308 > 23.00 - > 23.00 - - - - - 26.05 0.15 25.61 0.22 - -
2004G001 21.84 0.15 21.91 0.14 - - - - 20.27 0.00 19.36 0.00 19.64 0.01
2004G005 21.90 0.15 21.68 0.11 - - - - 19.91 0.00 19.07 0.00 19.51 0.01
2004G043 - - - - - - - - 23.45 0.02 22.87 0.03 - -
2004G050 > 23.00 - > 23.00 - - - - - 22.78 0.02 21.53 0.01 22.06 0.06
2004G053 - - - - - - - - 25.74 0.19 24.74 0.17 - -
2004G055 > 23.00 - > 23.00 - - - - - 21.68 0.01 20.81 0.01 21.17 0.02
2004G097 21.17 0.10 21.65 0.13 - - - - 21.72 0.01 21.14 0.01 21.43 0.05
2004G120 > 23.00 - > 23.00 - - - - - 21.80 0.01 20.85 0.01 20.95 0.03
2004G142 > 23.00 - > 23.00 - - - - - 22.27 0.01 21.44 0.01 21.93 0.05
2004G160 > 23.00 - > 23.00 - - - - - 24.93 0.06 24.70 0.15 - -
2004G225 22.07 0.16 22.90 0.31 - - - - 22.88 0.02 22.20 0.02 22.54 0.08
2004G230 > 23.00 - > 23.00 - - - 24.95 0.05 21.81 0.01 20.81 0.01 - -
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Table D.4 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2004G276 - - - - - - - - 21.70 0.01 21.15 0.01 - -
2004H283 - - - - - - - - 22.14 0.01 21.24 0.01 - -
2004H300 > 23.00 - > 23.00 - - - - - 26.16 0.15 25.36 0.15 - -
2004H311 > 23.00 - > 23.00 - - - - - 23.25 0.02 22.25 0.02 22.70 0.09
2004H319 - - - - - - - - 23.37 0.02 22.89 0.03 - -
2004H323 > 23.00 - > 23.00 - - - - - 25.00 0.06 24.23 0.08 - -
2004H359 - - - - - - - - 23.83 0.03 23.25 0.03 - -
2004H363 - - - - - - - - 19.77 0.00 18.93 0.00 - -
2004H364 > 23.00 - > 23.00 - 26.14 0.28 - - 23.92 0.03 23.15 0.04 - -
2004K396 21.70 0.13 22.10 0.16 - - - - 20.26 0.00 19.28 0.00 20.30 0.01
2004K411 > 23.00 - > 23.00 - - - - - 26.04 0.19 24.61 0.13 - -
2004K425 21.19 0.11 21.06 0.07 - - - - 21.53 0.01 20.87 0.01 21.14 0.02
2004K429 21.96 0.17 22.27 0.22 - - - - 23.06 0.03 22.43 0.02 - -
2004K430 21.86 0.16 24.00 1.00 - - - - 22.83 0.02 22.08 0.01 22.63 0.14
2004K432 > 23.00 - > 23.00 - - - - - 25.08 0.10 24.15 0.09 23.39 0.20
2004K441 > 23.00 - > 23.00 - - - - - 24.57 0.05 23.03 0.03 - -
2004K448 > 23.00 - > 23.00 - - - - - 23.13 0.02 22.45 0.02 22.78 0.07
2004K467 > 23.00 - > 23.00 - - - - - 24.33 0.04 23.06 0.03 22.99 0.12
2004K485 - - - - - - - - 22.81 0.02 22.03 0.01 - -
2004K490 > 23.00 - > 23.00 - - - - - 25.84 0.12 24.55 0.11 - -
2005M001 > 23.00 - > 23.00 - - - - - 23.50 0.03 22.81 0.02 23.09 0.09
2005M006 20.09 0.17 19.44 0.08 20.68 0.00 - - 18.89 0.00 18.13 0.00 - -
2005M022 > 23.00 - > 23.00 - - - - - 25.90 0.19 24.67 0.14 - -
2005M026 > 23.00 - > 23.00 - - - - - 26.22 0.28 26.59 0.82 - -
2005M027 > 23.00 - > 23.00 - - - - - 23.16 0.02 22.26 0.02 22.56 0.05209
Table D.4 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2005M032 > 23.00 - > 23.00 - - - - - 23.58 0.03 23.03 0.03 23.57 0.24
2005M034 > 23.00 - > 23.00 - - - - - 24.48 0.06 23.53 0.06 23.18 0.25
2005M039 21.31 0.11 21.16 0.09 - - - - 21.14 0.01 20.29 0.01 20.61 0.03
2005M040 22.27 0.21 22.29 0.23 - - - - 21.86 0.01 20.76 0.01 21.25 0.05
2005M043 22.13 0.17 23.46 0.51 - - - - 22.91 0.02 22.30 0.02 22.74 0.13
2005M057 - - - - - - - - 24.50 0.05 23.98 0.07 - -
2005M062 21.72 0.13 21.68 0.11 - - - - 21.10 0.01 20.24 0.00 20.41 0.02
2005M070 21.44 0.12 21.37 0.11 23.63 0.03 - - 22.13 0.01 21.36 0.01 - -
2005M075 22.07 0.19 25.57 4.74 - - - - 19.70 0.00 18.48 0.00 19.02 0.01
2005M087 21.43 0.12 20.97 0.08 22.75 0.02 - - 21.56 0.01 20.64 0.01 - -
2005M158 > 23.00 - > 23.00 - - - - - 23.36 0.06 23.72 0.06 23.25 0.20
2005M193 > 23.00 - > 23.00 - - - - - 21.96 0.01 21.36 0.01 21.70 0.06
2005M226 - - - - - - - - 24.75 0.06 24.16 0.07 - -
2005N246 > 23.00 - > 23.00 - - - - - 24.55 0.05 23.76 0.05 24.20 0.24
2005N258 - - - - - - - - 22.26 0.01 21.43 0.01 - -
2005N263 - - - - - - - - 20.48 0.01 19.81 0.00 - -
2005N278 21.90 0.15 22.24 0.18 - - - - 20.77 0.01 19.90 0.00 20.57 0.01
2005N285 21.65 0.14 23.71 0.75 - - - - 23.34 0.03 22.58 0.02 - -
2005N322 21.97 0.17 22.08 0.19 - - - - 24.03 0.03 22.75 0.02 - -
2005N326 22.50 1.20 22.50 1.20 - - - - 20.20 0.00 19.26 0.00 19.64 0.01
2005N346 > 23.00 - > 23.00 - - - - - 22.14 0.01 21.41 0.01 21.73 0.05
2005N368 > 23.00 - > 23.00 - - - - - 19.97 0.01 19.23 0.01 - -
2005N395 - - - - - - - - 22.13 0.01 21.66 0.01 - -
2005N400 > 23.00 - > 23.00 - - - - - 22.53 0.01 21.95 0.01 22.31 0.08
2005N404 21.12 0.10 21.24 0.09 23.68 0.03 - - 21.92 0.01 20.46 0.01 - -
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Table D.4 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2005P425 > 23.00 - > 23.00 - - - - - 23.95 0.04 23.07 0.03 23.58 0.31
2005P429 > 23.00 - > 23.00 - - - - - 23.19 0.02 22.44 0.02 22.67 0.10
2005P444 - - - - - - - - 25.22 0.08 24.06 0.06 - -
2005P445 22.11 0.19 21.95 0.21 - - - - 24.17 0.03 23.27 0.04 - -
2005P454 - - - - - - - - 24.72 0.05 23.35 0.03 - -
2005P455 - - - - - - - - 20.24 0.00 19.44 0.00 - -
2005P459 - - - - - - - - 25.58 0.09 25.08 0.18 - -
2005P520 - - - - - - - - 25.67 0.09 25.16 0.17 - -
2005P524 > 23.00 - > 23.00 - - - - - 27.01 0.31 26.61 0.53 - -
2005P527 - - - - - - - - 22.58 0.01 21.81 0.01 - -
2005P528 - - - - - - - - 25.08 0.06 24.26 0.08 - -
2006Q002 - - - - - - - - 20.98 0.01 20.14 0.00 - -
2006Q006 - - - - - - - - 21.14 0.01 20.09 0.00 - -
2006Q007 - - - - - - - - 20.40 0.01 19.54 0.00 - -
2006Q008 20.29 0.09 20.30 0.08 22.89 0.02 - - 19.90 0.01 19.77 0.00 - -
2006Q014 > 23.00 - > 23.00 - 24.18 0.04 23.22 0.04 22.88 0.02 22.16 0.02 - -
2006Q018 22.20 0.20 21.32 0.10 23.90 0.04 22.59 0.02 21.77 0.01 20.85 0.01 - -
2006Q021 22.13 0.19 24.00 1.00 - - - - 24.04 0.03 23.36 0.04 - -
2006Q022 21.79 0.14 22.34 0.19 - - 23.38 0.02 22.43 0.01 21.49 0.01 21.84 0.08
2006Q048 > 23.00 - > 23.00 - - - - - 22.43 0.01 21.86 0.01 22.23 0.04
2006Q049 > 23.00 - > 23.00 - 25.93 0.19 - - 23.73 0.04 23.02 0.03 - -
2006Q054 21.21 0.11 20.67 0.06 22.52 0.01 - - 21.11 0.01 20.44 0.01 - -
2006Q061 > 23.00 - > 23.00 - - - 22.57 0.12 22.51 0.02 21.74 0.01 22.22 0.04
2006Q067 21.15 0.10 20.86 0.07 23.50 0.03 21.67 0.01 21.86 0.01 21.24 0.01 22.08 0.05
2006Q069 21.58 0.12 22.93 0.32 - - 22.77 0.02 22.55 0.01 21.81 0.01 21.84 0.08211
Table D.4 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2006Q075 > 23.00 - > 23.00 - 25.27 0.11 - - 23.38 0.04 22.55 0.02 22.29 0.13
2006Q102 > 23.00 - > 23.00 - - - - - 22.27 0.01 21.75 0.01 21.87 0.03
2006Q106 21.82 0.15 21.43 0.11 23.32 0.02 - - 20.97 0.01 20.10 0.00 - -
2006Q107 - - - - - - - - 24.92 0.06 24.19 0.07 - -
2006Q108 - - - - - - - - 26.25 0.35 24.83 0.13 - -
2006Q112 22.13 0.17 22.46 0.23 25.32 0.12 - - 23.67 0.03 22.70 0.02 23.17 0.16
2006Q114 > 23.00 - > 23.00 - - - - - 23.06 0.02 21.66 0.01 22.02 0.03
2006Q125 > 23.00 - > 23.00 - - - - - 24.91 0.07 24.24 0.07 - -
2006R185 > 23.00 - > 23.00 - - - - - 20.16 0.00 19.37 0.00 19.76 0.01
2006R186 - - - - - - - - 23.92 0.03 23.62 0.05 - -
2006R190 - - - - - - - - 22.02 0.01 21.30 0.01 - -
2006R193 > 23.00 - > 23.00 - 25.72 0.17 - - 23.95 0.03 23.05 0.03 - -
2006R195 - - - - - - - - 22.65 0.01 21.45 0.01 - -
2006R196 - - - - - - - - 21.30 0.01 20.65 0.01 - -
2006R199 21.69 0.14 21.21 0.09 23.04 0.02 - - 21.23 0.01 20.27 0.01 - -
2006R200 > 23.00 - > 23.00 - - - - - 23.42 0.02 22.27 0.02 - -
2006R206 > 23.00 - > 23.00 - - - - - 22.54 0.02 21.28 0.01 21.45 0.02
2006R207 - - - - - - - - 21.45 0.01 20.56 0.01 - -
2006R209 - - - - - - - - 21.73 0.01 20.81 0.01 - -
2006R213 - - - - - - - - 21.81 0.01 21.12 0.01 - -
2006R225 - - - - - - - - 23.78 0.04 23.11 0.03 - -
2006R230 21.96 0.17 22.24 0.23 25.46 0.14 - - 23.39 0.02 22.68 0.02 - -
2006R311 > 23.00 - > 23.00 - - - - - 25.42 0.09 24.81 0.13 - -
2006R317 > 23.00 - > 23.00 - - - - - 23.71 0.03 23.17 0.03 23.14 0.22
2006R318 - - - - - - - - 21.16 0.01 20.38 0.01 - -
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Table D.4 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2006R322 - - - - - - - - 24.15 0.05 23.47 0.04 - -
2006S340 > 23.00 - > 23.00 - - - - - 24.10 0.04 23.46 0.05 23.22 0.20
2006S346 21.70 0.13 22.39 0.22 24.01 0.04 - - 22.00 0.01 21.17 0.01 21.65 0.05
2006S347 > 23.00 - > 23.00 - - - - - 25.31 0.09 24.32 0.07 - -
2006S349 > 23.00 - > 23.00 - - - - - 21.52 0.01 20.47 0.01 21.05 0.01
2006S350 - - - - - - - - 22.71 0.02 21.80 0.01 - -
2006S351 - - - - - - - - 24.57 0.05 23.71 0.05 - -
2006S353 > 23.00 - > 23.00 - - - - - 22.99 0.02 21.74 0.01 21.75 0.07
2006S355 > 23.00 - > 23.00 - - - - - 24.04 0.05 23.25 0.03 - -
2006S362 - - - - - - - - 23.35 0.02 22.84 0.02 - -
2006S370 > 23.00 - > 23.00 - 26.21 0.27 - - 21.87 0.02 23.06 0.03 - -
2006S372 - - - - - - - - 23.03 0.03 22.25 0.01 - -
2006S373 - - - - - - - - 22.96 0.02 21.92 0.01 - -
2006S374 - - - - - - - - 26.26 0.16 25.00 0.16 - -
2006S375 - - - - - - - - 21.43 0.01 20.45 0.01 - -
2006S377 > 23.00 - > 23.00 - - - - - 23.62 0.03 23.00 0.03 23.44 0.11
2006S379 23.21 0.28 24.71 0.51 - - - - 21.31 0.01 20.40 0.01 20.74 0.03
2006S380 - - - - - - - - 24.10 0.04 22.92 0.02 - -
2007X016 - - - - - - - - 22.23 0.01 21.69 0.01 - -
2007X017 > 23.00 - > 23.00 - - - 22.64 0.01 22.78 0.02 21.97 0.01 22.13 0.04
2007X020 - - - - - - - - 24.64 0.10 23.93 0.06 - -
2007X025 21.27 0.11 21.93 0.17 - - - - 21.72 0.01 20.80 0.01 20.87 0.03
2007X033 > 23.00 - > 23.00 - - - - - 22.91 0.02 22.26 0.02 22.84 0.07
2007X034 - - - - - - - - 21.89 0.01 20.77 0.01 - -
2007X039 > 23.00 - > 23.00 - - - - - 25.63 0.18 24.50 0.14 - -213
Table D.4 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2007X066 - - - - - - - - 23.54 0.02 23.36 0.04 - -
2007X071 - - - - - - - - 22.58 0.02 22.19 0.02 - -
2007X077 > 23.00 - > 23.00 - 26.02 0.23 - - 25.29 0.08 24.90 0.16 - -
2007X080 > 23.00 - > 23.00 - - - - - 21.39 0.01 20.62 0.01 - -
2007X085 22.29 0.19 21.81 0.11 25.32 0.12 - - 23.94 0.03 23.13 0.04 - -
2007X089 - - - - - - - - 23.27 0.02 22.41 0.02 - -
2007X107 22.05 0.18 21.38 0.11 - - - - 22.05 0.01 21.35 0.01 - -
2007Y125 - - - - - - - - 23.88 0.03 23.38 0.04 - -
2007Y127 > 23.00 - > 23.00 - - - - - 22.98 0.03 21.98 0.01 - -
2007Y134 > 23.00 - > 23.00 - - - - - 21.60 0.01 20.80 0.01 - -
2007Y136 > 23.00 - > 23.00 - 26.26 0.26 - - 23.72 0.03 22.89 0.03 - -
2007Y137 > 23.00 - > 23.00 - - - - - 23.02 0.02 23.03 0.04 - -
2007Y142 24.00 1.00 24.18 0.76 25.29 0.12 - - 24.22 0.04 23.61 0.05 - -
2007Y143 - - - - - - - - 22.75 0.02 21.76 0.01 - -
2007Y145 > 23.00 - > 23.00 - - - - - 23.33 0.02 22.85 0.03 - -
2007Y151 - - - - - - - - 22.78 0.02 21.99 0.01 - -
2007Y154 - - - - - - - - 22.82 0.03 22.09 0.01 - -
2007Y155 > 23.00 - > 23.00 - - - - - 26.86 0.38 26.46 0.21 - -
2007Y156 > 23.00 - > 23.00 - 25.49 0.13 - - 24.45 0.05 23.43 0.05 - -
2007Y158 - - - - - - - - 22.89 0.02 22.25 0.02 - -
2007Y175 21.96 0.17 24.20 0.89 24.59 0.06 - - 22.93 0.02 22.36 0.02 - -
2007Y177 22.49 0.25 22.30 0.24 24.85 0.08 - - 24.16 0.03 23.67 0.05 - -
2007Z180 > 23.00 - > 23.00 - - - - - 23.19 0.03 22.13 0.02 22.74 0.12
2007Z181 - - - - - - - - 23.48 0.02 22.34 0.02 - -
2007Z183 20.41 0.07 20.42 0.05 - - - - 23.23 0.02 22.50 0.02 22.29 0.10
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Table D.4 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2007Z185 > 23.00 - > 23.00 - - - 25.31 0.05 23.85 0.03 23.41 0.05 22.91 0.07
2007Z187 > 23.00 - > 23.00 - - - 22.63 0.02 21.52 0.01 20.64 0.01 20.93 0.03
2007Z200 > 23.00 - > 23.00 - - - - - 23.10 0.03 22.39 0.02 22.79 0.15
2007Z202 - - - - - - - - 20.74 0.01 20.11 0.00 - -
2007Z203 - - - - - - - - 25.58 0.10 25.25 0.18 - -
2007Z205 > 23.00 - > 23.00 - - - - - 24.79 0.05 24.30 0.09 - -
2007Z208 21.63 0.13 21.48 0.11 - - - - 23.54 0.03 23.12 0.03 - -
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Table D.5 Observed Isophotal Photometry
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2002B010 > 23.00 - > 23.00 - - - - - 24.02 0.06 23.51 0.09 - -
2002B013 > 23.00 - > 23.00 - 23.93 0.07 22.02 0.02 21.81 0.01 21.24 0.02 - -
2002B016 21.10 0.09 22.14 0.10 - - - - 18.81 0.00 17.97 0.00 18.35 0.01
2002B017 21.86 0.13 21.78 0.08 - - - - 19.86 0.01 19.06 0.00 19.32 0.02
2002B020 - - - - - - - - 24.39 0.06 24.33 0.08 - -
2002B022 - - - - - - - - 23.08 0.02 22.53 0.03 - -
2002C015 > 23.00 - > 23.00 - 25.56 0.14 25.48 0.21 23.10 0.03 22.58 0.04 - -
2003D033 > 23.00 - > 23.00 - - - - - 20.91 0.01 20.32 0.01 19.74 0.04
2003D058 > 23.00 - > 23.00 - - - - - 20.84 0.01 19.44 0.01 19.41 0.02
2003D083 > 23.00 - > 23.00 - - - - - 25.65 0.12 24.77 0.13 - -
2003D084 > 23.00 - > 23.00 - 23.19 0.06 - - 21.27 0.01 20.21 0.01 - -
2003D085 > 23.00 - > 23.00 - - - - - 22.40 0.02 21.75 0.02 23.04 0.15
2003D086 23.14 0.23 23.08 0.15 - - - - 21.70 0.02 20.99 0.02 - -
2003D089 > 23.00 - > 23.00 - - - - - 23.90 0.04 23.37 0.04 - -
2003D093 > 23.00 - > 23.00 - 23.26 0.05 23.16 0.05 21.96 0.01 21.33 0.02 - -
2003D097 - - - - - - - - 25.41 0.09 23.44 0.05 - -
2003D099 > 23.00 - > 23.00 - - - - - 23.71 0.04 23.41 0.05 - -
2003D100 21.56 0.11 22.05 0.09 - - - - 19.35 0.00 18.63 0.00 19.25 0.02
2003D117 22.26 0.16 22.13 0.11 21.62 0.02 - - 19.41 0.00 18.53 0.00 - -
2003D149 - - - - - - - - 20.40 0.01 19.95 0.01 - -
2003E020 24.37 0.42 23.04 0.15 - - - - 18.69 0.00 18.21 0.00 17.56 0.01
2003E027 - - - - - - - - 22.99 0.03 21.47 0.02 - -
2003E029 22.51 0.17 22.72 0.14 - - - - 19.51 0.00 18.70 0.00 - -
2003E108 > 23.00 - > 23.00 - - - - - 24.15 0.05 23.94 0.10 - -
2003E132 - - - - - - - - 19.29 0.00 18.73 0.00 - -
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Table D.5 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2003E136 - - - - - - - - 22.13 0.02 21.43 0.02 - -
2003E140 > 23.00 - > 23.00 - 26.24 0.24 - - 24.01 0.04 24.55 0.10 - -
2003E148 23.03 0.23 24.44 0.32 23.93 0.07 22.02 0.02 22.02 0.01 21.25 0.01 - -
2003E149 > 23.00 - > 23.00 - 23.93 0.07 24.55 0.14 23.20 0.03 22.12 0.02 - -
2003E309 > 23.00 - > 23.00 - - - - - 24.05 0.06 24.27 0.12 - -
2003F096 > 23.00 - > 23.00 - - - - - 22.60 0.02 22.04 0.02 - -
2003F123 - - - - - - - - 21.52 0.01 20.57 0.01 - -
2003F216 > 23.00 - > 23.00 - 24.64 0.10 - - 21.27 0.01 20.12 0.01 - -
2003F221 - - - - - - - - 21.00 0.01 19.96 0.01 - -
2003F235 > 23.00 - > 23.00 - - - - - 24.04 0.04 23.63 0.05 - -
2003F244 > 23.00 - > 23.00 - - - - - 24.75 0.09 23.62 0.06 - -
2003F301 23.59 0.30 23.45 0.20 - - - - 22.20 0.02 21.35 0.02 21.88 0.09
2003F308 > 23.00 - > 23.00 - - - - - 26.10 0.14 26.00 0.20 - -
2004G001 23.04 0.22 22.28 0.10 - - - - 18.37 0.00 17.52 0.00 17.89 0.01
2004G005 22.57 0.18 22.27 0.11 - - - - 17.58 0.00 16.89 0.00 17.00 0.01
2004G043 - - - - - - - - 22.44 0.02 21.90 0.02 - -
2004G050 > 23.00 - > 23.00 - - - - - 21.58 0.01 20.20 0.01 20.59 0.04
2004G053 - - - - - - - - 25.68 0.17 22.52 0.06 - -
2004G055 > 23.00 - > 23.00 - - - - - 19.44 0.00 18.75 0.00 19.02 0.01
2004G097 21.62 0.12 21.66 0.08 - - - - 19.51 0.00 18.99 0.00 19.63 0.03
2004G120 > 23.00 - > 23.00 - - - - - 20.23 0.01 19.41 0.00 19.84 0.02
2004G142 > 23.00 - > 23.00 - - - - - 20.96 0.01 20.27 0.01 20.10 0.03
2004G160 > 23.00 - > 23.00 - - - - - 23.87 0.04 24.32 0.12 - -
2004G225 23.45 0.27 22.96 0.15 - - - - 20.97 0.01 20.28 0.01 21.37 0.06
2004G230 > 23.00 - > 23.00 - - - 24.95 0.05 20.33 0.01 19.23 0.00 - -217
Table D.5 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2004G276 - - - - - - - - 19.39 0.00 18.95 0.00 - -
2004H283 - - - - - - - - 20.92 0.01 20.16 0.01 - -
2004H300 > 23.00 - > 23.00 - - - - - 26.05 0.13 25.51 0.14 - -
2004H311 > 23.00 - > 23.00 - - - - - 22.27 0.02 21.28 0.01 21.13 0.05
2004H319 - - - - - - - - 21.66 0.01 21.45 0.02 - -
2004H323 > 23.00 - > 23.00 - - - - - 24.12 0.04 23.91 0.07 - -
2004H359 - - - - - - - - 22.47 0.02 22.25 0.03 - -
2004H363 - - - - - - - - 17.58 0.00 16.81 0.00 - -
2004H364 > 23.00 - > 23.00 - 25.79 0.23 - - 22.83 0.02 22.14 0.03 - -
2004K396 22.60 0.18 22.71 0.12 - - - - 18.27 0.00 17.52 0.00 17.88 0.01
2004K411 > 23.00 - > 23.00 - - - - - 26.14 0.18 24.57 0.13 - -
2004K425 21.80 0.13 21.36 0.06 - - - - 19.08 0.00 18.64 0.00 18.97 0.01
2004K429 23.43 0.28 24.05 0.25 - - - - 21.76 0.02 20.85 0.01 - -
2004K430 23.43 0.27 25.08 0.41 - - - - 21.50 0.01 20.77 0.01 21.71 0.09
2004K432 > 23.00 - > 23.00 - - - - - 25.47 0.10 24.37 0.09 23.35 0.16
2004K441 > 23.00 - > 23.00 - - - - - 24.13 0.04 22.62 0.03 - -
2004K448 > 23.00 - > 23.00 - - - - - 21.68 0.01 21.15 0.01 21.61 0.05
2004K467 > 23.00 - > 23.00 - - - - - 22.58 0.02 21.23 0.02 20.71 0.04
2004K485 - - - - - - - - 20.91 0.01 20.37 0.01 - -
2004K490 > 23.00 - > 23.00 - - - - - 25.23 0.10 23.61 0.08 - -
2005M001 > 23.00 - > 23.00 - - - - - 22.14 0.02 21.51 0.02 21.79 0.06
2005M006 20.09 0.17 19.44 0.08 17.21 0.00 - - 15.71 0.00 15.01 0.00 - -
2005M022 > 23.00 - > 23.00 - - - - - 25.98 0.18 23.35 0.08 - -
2005M026 > 23.00 - > 23.00 - - - - - 27.09 0.31 26.32 0.32 - -
2005M027 > 23.00 - > 23.00 - - - - - 21.84 0.01 21.17 0.01 20.89 0.04
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Table D.5 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2005M032 > 23.00 - > 23.00 - - - - - 21.77 0.02 21.43 0.02 23.70 0.19
2005M034 > 23.00 - > 23.00 - - - - - 23.69 0.05 22.57 0.04 23.89 0.27
2005M039 21.70 0.12 21.85 0.09 - - - - 18.60 0.00 17.84 0.00 18.38 0.02
2005M040 23.63 0.31 25.27 0.46 - - - - 20.34 0.01 19.19 0.00 19.85 0.03
2005M043 22.18 0.15 24.53 0.32 - - - - 21.46 0.01 21.18 0.01 21.80 0.08
2005M057 - - - - - - - - 24.01 0.04 23.87 0.06 - -
2005M062 22.46 0.17 22.51 0.11 - - - - 19.02 0.00 18.17 0.00 18.62 0.02
2005M070 21.90 0.13 21.90 0.09 20.95 0.01 - - 19.64 0.00 19.00 0.00 - -
2005M075 23.61 0.31 25.17 0.45 - - - - 18.35 0.00 17.39 0.00 17.31 0.01
2005M087 21.85 0.13 21.44 0.07 20.93 0.01 - - 19.67 0.00 18.72 0.00 - -
2005M158 > 23.00 - > 23.00 - - - - - 22.46 0.04 23.19 0.05 22.76 0.14
2005M193 > 23.00 - > 23.00 - - - - - 19.31 0.00 18.76 0.00 19.09 0.03
2005M226 - - - - - - - - 23.55 0.04 23.41 0.05 - -
2005N246 > 23.00 - > 23.00 - - - - - 23.76 0.04 22.94 0.04 24.83 0.28
2005N258 - - - - - - - - 20.13 0.01 19.57 0.01 - -
2005N263 - - - - - - - - 18.63 0.00 18.04 0.00 - -
2005N278 23.21 0.24 23.26 0.17 - - - - 19.00 0.00 18.16 0.00 18.37 0.01
2005N285 24.23 0.40 24.06 0.26 - - - - 21.82 0.02 21.18 0.01 - -
2005N322 24.30 0.41 25.19 0.43 - - - - 23.03 0.02 21.66 0.02 - -
2005N326 22.50 1.20 22.50 1.20 - - - - 17.48 0.00 16.62 0.00 16.97 0.01
2005N346 > 23.00 - > 23.00 - - - - - 20.19 0.01 19.62 0.01 19.98 0.03
2005N368 > 23.00 - > 23.00 - - - - - 19.75 0.01 19.07 0.01 - -
2005N395 - - - - - - - - 21.09 0.01 20.56 0.01 - -
2005N400 > 23.00 - > 23.00 - - - - - 21.31 0.01 20.64 0.01 21.11 0.05
2005N404 21.48 0.11 22.06 0.10 20.97 0.01 - - 19.37 0.00 17.97 0.00 - -219
Table D.5 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2005P425 > 23.00 - > 23.00 - - - - - 23.10 0.03 22.41 0.03 24.26 0.29
2005P429 > 23.00 - > 23.00 - - - - - 21.75 0.01 20.96 0.01 20.72 0.05
2005P444 - - - - - - - - 24.76 0.06 23.21 0.05 - -
2005P445 23.17 0.25 24.06 0.27 - - - - 23.13 0.02 22.56 0.03 - -
2005P454 - - - - - - - - 24.18 0.04 22.50 0.03 - -
2005P455 - - - - - - - - 18.28 0.00 17.58 0.00 - -
2005P459 - - - - - - - - 24.75 0.07 25.19 0.17 - -
2005P520 - - - - - - - - 25.16 0.09 25.25 0.16 - -
2005P524 > 23.00 - > 23.00 - - - - - 27.39 0.26 27.27 0.45 - -
2005P527 - - - - - - - - 21.11 0.01 20.25 0.01 - -
2005P528 - - - - - - - - 24.48 0.05 24.27 0.08 - -
2006Q002 - - - - - - - - 19.71 0.00 18.95 0.00 - -
2006Q006 - - - - - - - - 19.19 0.00 18.23 0.00 - -
2006Q007 - - - - - - - - 17.32 0.00 16.76 0.00 - -
2006Q008 20.29 0.09 20.30 0.08 20.94 0.01 - - 18.22 0.00 18.19 0.00 - -
2006Q014 > 23.00 - > 23.00 - 22.13 0.02 21.41 0.02 20.93 0.01 20.42 0.01 - -
2006Q018 23.59 0.29 22.47 0.12 21.40 0.02 20.21 0.01 19.41 0.00 18.61 0.00 - -
2006Q021 24.33 0.41 25.45 0.45 - - - - 21.94 0.01 21.52 0.02 - -
2006Q022 23.12 0.23 24.59 0.31 - - 23.38 0.02 20.81 0.01 19.97 0.01 20.81 0.06
2006Q048 > 23.00 - > 23.00 - - - - - 21.02 0.01 20.59 0.01 20.70 0.03
2006Q049 > 23.00 - > 23.00 - 24.89 0.12 - - 22.76 0.03 21.94 0.02 - -
2006Q054 21.46 0.11 20.86 0.05 20.39 0.01 - - 18.87 0.00 18.29 0.00 - -
2006Q061 > 23.00 - > 23.00 - - - 21.74 0.09 21.40 0.01 20.52 0.01 21.37 0.04
2006Q067 21.52 0.11 21.34 0.07 20.79 0.01 19.36 0.01 20.02 0.00 19.76 0.01 20.05 0.03
2006Q069 22.31 0.16 22.89 0.13 - - 22.60 0.02 21.14 0.01 20.46 0.01 19.74 0.04
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Table D.5 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2006Q075 > 23.00 - > 23.00 - 23.22 0.05 - - 21.79 0.02 20.56 0.01 19.98 0.05
2006Q102 > 23.00 - > 23.00 - - - - - 21.00 0.01 20.37 0.01 20.21 0.02
2006Q106 24.60 0.47 23.34 0.18 21.46 0.02 - - 19.19 0.00 18.33 0.00 - -
2006Q107 - - - - - - - - 24.28 0.05 24.21 0.07 - -
2006Q108 - - - - - - - - 26.14 0.32 23.87 0.09 - -
2006Q112 24.77 0.50 25.43 0.55 24.56 0.09 - - 22.74 0.02 21.69 0.02 21.65 0.08
2006Q114 > 23.00 - > 23.00 - - - - - 21.33 0.01 20.23 0.01 20.20 0.02
2006Q125 > 23.00 - > 23.00 - - - - - 24.26 0.05 24.19 0.07 - -
2006R185 > 23.00 - > 23.00 - - - - - 17.95 0.00 17.25 0.00 16.96 0.01
2006R186 - - - - - - - - 22.29 0.02 22.68 0.04 - -
2006R190 - - - - - - - - 18.69 0.00 18.36 0.00 - -
2006R193 > 23.00 - > 23.00 - 23.97 0.08 - - 22.18 0.02 21.41 0.02 - -
2006R195 - - - - - - - - 21.24 0.01 20.32 0.01 - -
2006R196 - - - - - - - - 19.10 0.00 18.63 0.00 - -
2006R199 22.87 0.21 21.78 0.09 21.34 0.01 - - 19.42 0.00 18.64 0.00 - -
2006R200 > 23.00 - > 23.00 - - - - - 22.29 0.02 21.33 0.02 - -
2006R206 > 23.00 - > 23.00 - - - - - 21.14 0.01 19.76 0.01 19.73 0.02
2006R207 - - - - - - - - 19.45 0.00 18.78 0.00 - -
2006R209 - - - - - - - - 20.14 0.01 19.40 0.00 - -
2006R213 - - - - - - - - 20.01 0.00 19.37 0.00 - -
2006R225 - - - - - - - - 22.54 0.03 22.07 0.02 - -
2006R230 22.79 0.21 25.42 0.52 24.17 0.09 - - 22.15 0.02 21.77 0.02 - -
2006R311 > 23.00 - > 23.00 - - - - - 24.77 0.07 23.98 0.09 - -
2006R317 > 23.00 - > 23.00 - - - - - 21.59 0.01 21.30 0.02 22.60 0.14
2006R318 - - - - - - - - 19.75 0.01 19.13 0.00 - -221
Table D.5 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2006R322 - - - - - - - - 22.55 0.03 21.72 0.02 - -
2006S340 > 23.00 - > 23.00 - - - - - 23.30 0.03 22.90 0.04 22.20 0.12
2006S346 22.00 0.14 22.64 0.13 21.70 0.02 - - 20.02 0.00 19.32 0.00 19.24 0.02
2006S347 > 23.00 - > 23.00 - - - - - 25.33 0.09 23.88 0.06 - -
2006S349 > 23.00 - > 23.00 - - - - - 19.83 0.00 18.90 0.00 19.13 0.01
2006S350 - - - - - - - - 20.90 0.01 20.18 0.01 - -
2006S351 - - - - - - - - 23.91 0.04 23.14 0.04 - -
2006S353 > 23.00 - > 23.00 - - - - - 21.82 0.01 20.52 0.01 19.43 0.03
2006S355 > 23.00 - > 23.00 - - - - - 22.94 0.03 22.07 0.02 - -
2006S362 - - - - - - - - 21.76 0.01 21.34 0.01 - -
2006S370 > 23.00 - > 23.00 - 24.75 0.12 - - 21.73 0.02 21.20 0.02 - -
2006S372 - - - - - - - - 22.03 0.02 21.17 0.01 - -
2006S373 - - - - - - - - 20.94 0.01 20.07 0.01 - -
2006S374 - - - - - - - - 24.85 0.09 24.15 0.11 - -
2006S375 - - - - - - - - 19.83 0.00 18.85 0.00 - -
2006S377 > 23.00 - > 23.00 - - - - - 22.49 0.02 22.29 0.03 22.41 0.08
2006S379 23.21 0.28 24.71 0.51 - - - - 19.73 0.00 18.95 0.00 19.54 0.02
2006S380 - - - - - - - - 23.54 0.04 22.12 0.02 - -
2007X016 - - - - - - - - 20.48 0.01 20.02 0.01 - -
2007X017 > 23.00 - > 23.00 - - - 20.80 0.01 20.27 0.01 18.74 0.01 17.84 0.01
2007X020 - - - - - - - - 25.24 0.13 23.62 0.05 - -
2007X025 21.29 0.10 23.45 0.21 - - - - 18.97 0.00 18.24 0.00 18.23 0.02
2007X033 > 23.00 - > 23.00 - - - - - 21.24 0.01 20.75 0.01 20.75 0.03
2007X034 - - - - - - - - 20.04 0.01 19.12 0.00 - -
2007X039 > 23.00 - > 23.00 - - - - - 25.65 0.18 23.55 0.10 - -
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Table D.5 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2007X066 - - - - - - - - 22.19 0.02 22.46 0.03 - -
2007X071 - - - - - - - - 21.26 0.01 20.88 0.01 - -
2007X077 > 23.00 - > 23.00 - 24.94 0.14 - - 24.51 0.06 24.85 0.14 - -
2007X080 > 23.00 - > 23.00 - - - - - 19.36 0.00 18.75 0.00 - -
2007X085 24.36 0.41 23.05 0.15 23.44 0.06 - - 22.28 0.02 21.69 0.02 - -
2007X089 - - - - - - - - 21.73 0.01 20.66 0.01 - -
2007X107 24.90 0.54 23.34 0.18 - - - - 20.94 0.01 20.25 0.01 - -
2007Y125 - - - - - - - - 22.51 0.02 22.05 0.02 - -
2007Y127 > 23.00 - > 23.00 - - - - - 22.34 0.03 21.12 0.01 - -
2007Y134 > 23.00 - > 23.00 - - - - - 20.21 0.01 19.44 0.01 - -
2007Y136 > 23.00 - > 23.00 - 25.43 0.16 - - 22.33 0.02 21.77 0.02 - -
2007Y137 > 23.00 - > 23.00 - - - - - 21.64 0.01 22.05 0.03 - -
2007Y142 25.13 0.58 25.86 0.55 23.80 0.07 - - 23.53 0.03 23.29 0.04 - -
2007Y143 - - - - - - - - 21.10 0.01 20.20 0.01 - -
2007Y145 > 23.00 - > 23.00 - - - - - 22.05 0.02 21.63 0.02 - -
2007Y151 - - - - - - - - 20.25 0.01 19.64 0.01 - -
2007Y154 - - - - - - - - 21.80 0.02 20.90 0.01 - -
2007Y155 > 23.00 - > 23.00 - - - - - 26.68 0.33 25.92 0.21 - -
2007Y156 > 23.00 - > 23.00 - 24.69 0.11 - - 23.58 0.04 22.58 0.04 - -
2007Y158 - - - - - - - - 20.68 0.01 20.19 0.01 - -
2007Y175 24.28 0.40 25.24 0.41 22.82 0.04 - - 21.32 0.01 20.92 0.01 - -
2007Y177 24.92 0.54 24.45 0.33 23.29 0.05 - - 22.72 0.02 22.78 0.04 - -
2007Z180 > 23.00 - > 23.00 - - - - - 22.26 0.02 21.10 0.01 21.76 0.08
2007Z181 - - - - - - - - 21.43 0.01 20.63 0.01 - -
2007Z183 20.38 0.06 20.53 0.04 - - - - 22.07 0.01 21.38 0.02 21.90 0.09223
Table D.5 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2007Z185 > 23.00 - > 23.00 - - - 25.31 0.05 22.87 0.02 22.94 0.04 21.74 0.05
2007Z187 > 23.00 - > 23.00 - - - 22.59 0.02 20.03 0.00 19.21 0.00 19.74 0.03
2007Z200 > 23.00 - > 23.00 - - - - - 21.71 0.02 20.72 0.01 22.40 0.12
2007Z202 - - - - - - - - 19.31 0.00 18.82 0.00 - -
2007Z203 - - - - - - - - 23.84 0.05 24.28 0.10 - -
2007Z205 > 23.00 - > 23.00 - - - - - 24.12 0.04 24.63 0.10 - -
2007Z208 22.53 0.18 23.40 0.18 - - - - 22.75 0.02 22.65 0.03 - -
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Table D.6 Observed Isophotal Corrected Photometry
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2002B010 > 23.00 - > 23.00 - - - - - 23.50 0.06 22.98 0.10 - -
2002B013 > 23.00 - > 23.00 - 23.68 0.07 21.87 0.04 21.69 0.02 21.01 0.03 - -
2002B016 20.67 0.07 21.76 0.09 - - - - 18.76 0.00 17.92 0.00 18.19 0.02
2002B017 21.53 0.11 21.52 0.08 - - - - 19.81 0.01 19.00 0.01 19.10 0.03
2002B020 - - - - - - - - 23.77 0.11 23.63 0.16 - -
2002B022 - - - - - - - - 22.91 0.03 22.23 0.06 - -
2002C015 > 23.00 - > 23.00 - 25.35 0.14 24.74 0.22 22.77 0.04 21.98 0.07 - -
2003D033 > 23.00 - > 23.00 - - - - - 20.77 0.02 20.15 0.02 19.17 0.05
2003D058 > 23.00 - > 23.00 - - - - - 20.75 0.01 19.34 0.01 19.24 0.02
2003D083 > 23.00 - > 23.00 - - - - - 25.23 0.13 24.25 0.14 - -
2003D084 > 23.00 - > 23.00 - 22.89 0.05 - - 21.18 0.01 20.11 0.01 - -
2003D085 > 23.00 - > 23.00 - - - - - 22.22 0.03 21.51 0.04 22.43 0.17
2003D086 22.86 0.20 22.58 0.14 - - - - 21.36 0.03 20.57 0.03 - -
2003D089 > 23.00 - > 23.00 - - - - - 23.55 0.07 22.89 0.09 - -
2003D093 > 23.00 - > 23.00 - 23.10 0.05 22.55 0.09 21.86 0.02 21.13 0.03 - -
2003D097 - - - - - - - - 24.57 0.14 22.82 0.09 - -
2003D099 > 23.00 - > 23.00 - - - - - 23.34 0.07 22.84 0.10 - -
2003D100 21.33 0.10 21.89 0.08 - - - - 19.32 0.00 18.59 0.00 19.12 0.02
2003D117 21.80 0.13 21.60 0.10 21.50 0.02 - - 19.37 0.00 18.48 0.00 - -
2003D149 - - - - - - - - 20.31 0.01 19.85 0.01 - -
2003E020 24.07 0.36 22.60 0.14 - - - - 18.64 0.00 18.17 0.00 17.33 0.01
2003E027 - - - - - - - - 22.65 0.07 21.34 0.03 - -
2003E029 22.25 0.15 22.27 0.13 - - - - 19.50 0.00 18.70 0.00 - -
2003E108 > 23.00 - > 23.00 - - - - - 23.95 0.05 23.34 0.11 - -
2003E132 - - - - - - - - 19.26 0.00 18.67 0.00 - -
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Table D.6 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2003E136 - - - - - - - - 21.87 0.04 21.28 0.03 - -
2003E140 > 23.00 - > 23.00 - 25.82 0.22 - - 23.56 0.08 23.82 0.19 - -
2003E148 22.53 0.19 24.00 0.29 23.68 0.07 21.87 0.04 21.89 0.02 21.11 0.02 - -
2003E149 > 23.00 - > 23.00 - 23.65 0.07 23.85 0.14 22.89 0.05 21.83 0.04 - -
2003E309 > 23.00 - > 23.00 - - - - - 23.76 0.07 23.84 0.14 - -
2003F096 > 23.00 - > 23.00 - - - - - 22.19 0.02 21.52 0.07 - -
2003F123 - - - - - - - - 21.45 0.01 20.48 0.01 - -
2003F216 > 23.00 - > 23.00 - 24.41 0.10 - - 21.17 0.01 19.98 0.02 - -
2003F221 - - - - - - - - 20.87 0.01 19.82 0.01 - -
2003F235 > 23.00 - > 23.00 - - - - - 23.63 0.07 23.05 0.10 - -
2003F244 > 23.00 - > 23.00 - - - - - 23.97 0.15 23.00 0.11 - -
2003F301 23.09 0.25 23.01 0.19 - - - - 22.01 0.02 21.16 0.03 21.45 0.10
2003F308 > 23.00 - > 23.00 - - - - - 25.58 0.15 25.34 0.22 - -
2004G001 22.61 0.19 22.05 0.10 - - - - 18.34 0.00 17.49 0.00 17.84 0.01
2004G005 22.18 0.15 21.84 0.10 - - - - 17.55 0.00 16.86 0.00 16.90 0.01
2004G043 - - - - - - - - 22.30 0.03 21.63 0.04 - -
2004G050 > 23.00 - > 23.00 - - - - - 21.47 0.02 20.08 0.01 20.33 0.05
2004G053 - - - - - - - - 24.96 0.18 21.66 0.06 - -
2004G055 > 23.00 - > 23.00 - - - - - 19.40 0.00 18.71 0.00 18.93 0.01
2004G097 21.40 0.10 21.48 0.07 - - - - 19.46 0.01 18.92 0.01 19.42 0.03
2004G120 > 23.00 - > 23.00 - - - - - 20.17 0.01 19.35 0.01 19.72 0.03
2004G142 > 23.00 - > 23.00 - - - - - 20.88 0.01 20.20 0.01 19.79 0.04
2004G160 > 23.00 - > 23.00 - - - - - 23.67 0.05 23.83 0.14 - -
2004G225 22.91 0.22 22.45 0.14 - - - - 20.80 0.02 20.08 0.02 21.05 0.07
2004G230 > 23.00 - > 23.00 - - - 24.92 0.05 20.28 0.01 19.16 0.01 - -
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Table D.6 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2004G276 - - - - - - - - 19.31 0.01 18.89 0.01 - -
2004H283 - - - - - - - - 20.87 0.01 20.10 0.01 - -
2004H300 > 23.00 - > 23.00 - - - - - 25.58 0.14 25.01 0.16 - -
2004H311 > 23.00 - > 23.00 - - - - - 22.13 0.03 21.13 0.03 20.82 0.06
2004H319 - - - - - - - - 21.53 0.02 21.22 0.03 - -
2004H323 > 23.00 - > 23.00 - - - - - 23.66 0.08 23.05 0.12 - -
2004H359 - - - - - - - - 22.26 0.03 21.92 0.05 - -
2004H363 - - - - - - - - 17.54 0.00 16.78 0.00 - -
2004H364 > 23.00 - > 23.00 - 25.14 0.20 - - 22.63 0.04 21.80 0.05 - -
2004K396 22.24 0.15 22.41 0.12 - - - - 18.22 0.00 17.47 0.00 17.76 0.01
2004K411 > 23.00 - > 23.00 - - - - - 25.61 0.20 24.20 0.14 - -
2004K425 21.58 0.11 21.16 0.06 - - - - 19.04 0.00 18.57 0.01 18.88 0.01
2004K429 22.85 0.22 23.57 0.24 - - - - 21.51 0.04 20.62 0.03 - -
2004K430 22.90 0.22 24.57 0.39 - - - - 21.40 0.02 20.66 0.01 21.21 0.10
2004K432 > 23.00 - > 23.00 - - - - - 24.78 0.19 23.56 0.17 22.95 0.18
2004K441 > 23.00 - > 23.00 - - - - - 23.82 0.07 22.38 0.06 - -
2004K448 > 23.00 - > 23.00 - - - - - 21.55 0.02 20.99 0.02 21.28 0.06
2004K467 > 23.00 - > 23.00 - - - - - 22.25 0.04 20.84 0.04 20.25 0.05
2004K485 - - - - - - - - 20.79 0.01 20.25 0.01 - -
2004K490 > 23.00 - > 23.00 - - - - - 24.79 0.11 23.18 0.09 - -
2005M001 > 23.00 - > 23.00 - - - - - 22.00 0.02 21.31 0.03 21.33 0.07
2005M006 20.09 0.17 19.44 0.08 17.19 0.00 - - 15.69 0.00 14.99 0.00 - -
2005M022 > 23.00 - > 23.00 - - - - - 25.35 0.19 22.73 0.09 - -
2005M026 > 23.00 - > 23.00 - - - - - 26.55 0.34 26.21 0.31 - -
2005M027 > 23.00 - > 23.00 - - - - - 21.73 0.02 21.03 0.02 20.57 0.04227
Table D.6 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2005M032 > 23.00 - > 23.00 - - - - - 21.51 0.03 21.13 0.04 23.26 0.22
2005M034 > 23.00 - > 23.00 - - - - - 23.06 0.09 22.00 0.08 23.26 0.30
2005M039 21.43 0.11 21.60 0.08 - - - - 18.53 0.00 17.79 0.00 18.23 0.02
2005M040 23.14 0.25 24.90 0.42 - - - - 20.23 0.01 19.12 0.01 19.65 0.04
2005M043 21.93 0.13 23.96 0.28 - - - - 21.33 0.02 21.04 0.02 21.39 0.10
2005M057 - - - - - - - - 23.74 0.07 23.33 0.13 - -
2005M062 22.10 0.14 22.28 0.11 - - - - 18.98 0.00 18.12 0.00 18.51 0.02
2005M070 21.58 0.12 21.62 0.09 20.89 0.01 - - 19.60 0.00 18.95 0.01 - -
2005M075 23.02 0.24 24.79 0.41 - - - - 18.34 0.00 17.35 0.01 17.24 0.01
2005M087 21.42 0.11 21.19 0.07 20.89 0.01 - - 19.65 0.00 18.68 0.00 - -
2005M158 > 23.00 - > 23.00 - - - - - 21.92 0.08 22.59 0.10 22.14 0.15
2005M193 > 23.00 - > 23.00 - - - - - 19.20 0.01 18.67 0.01 18.72 0.03
2005M226 - - - - - - - - 22.93 0.07 22.78 0.09 - -
2005N246 > 23.00 - > 23.00 - - - - - 23.37 0.07 22.51 0.07 23.98 0.27
2005N258 - - - - - - - - 20.08 0.01 19.49 0.01 - -
2005N263 - - - - - - - - 18.60 0.00 17.99 0.00 - -
2005N278 22.79 0.20 22.65 0.15 - - - - 18.97 0.00 18.13 0.00 18.24 0.01
2005N285 23.64 0.32 23.66 0.24 - - - - 21.58 0.03 20.96 0.03 - -
2005N322 23.68 0.32 24.87 0.40 - - - - 22.82 0.04 21.47 0.03 - -
2005N326 22.50 1.20 22.50 1.20 - - - - 17.41 0.00 16.55 0.00 16.81 0.01
2005N346 > 23.00 - > 23.00 - - - - - 20.13 0.01 19.55 0.01 19.77 0.03
2005N368 > 23.00 - > 23.00 - - - - - 19.64 0.01 19.00 0.01 - -
2005N395 - - - - - - - - 20.99 0.02 20.47 0.02 - -
2005N400 > 23.00 - > 23.00 - - - - - 21.25 0.01 20.53 0.02 20.80 0.06
2005N404 21.28 0.10 21.75 0.09 20.89 0.01 - - 19.31 0.00 17.91 0.00 - -
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Table D.6 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2005P425 > 23.00 - > 23.00 - - - - - 22.87 0.05 22.15 0.06 23.73 0.33
2005P429 > 23.00 - > 23.00 - - - - - 21.58 0.02 20.78 0.02 20.26 0.05
2005P444 - - - - - - - - 24.05 0.11 22.46 0.08 - -
2005P445 22.56 0.19 23.79 0.25 - - - - 22.90 0.04 22.26 0.06 - -
2005P454 - - - - - - - - 23.84 0.08 22.18 0.06 - -
2005P455 - - - - - - - - 18.26 0.00 17.55 0.00 - -
2005P459 - - - - - - - - 24.46 0.08 24.70 0.19 - -
2005P520 - - - - - - - - 24.84 0.09 24.83 0.18 - -
2005P524 > 23.00 - > 23.00 - - - - - 26.93 0.29 26.94 0.40 - -
2005P527 - - - - - - - - 21.05 0.01 20.15 0.01 - -
2005P528 - - - - - - - - 23.95 0.09 23.57 0.15 - -
2006Q002 - - - - - - - - 19.69 0.00 18.92 0.00 - -
2006Q006 - - - - - - - - 19.16 0.00 18.20 0.00 - -
2006Q007 - - - - - - - - 17.27 0.00 16.73 0.00 - -
2006Q008 20.29 0.09 20.30 0.08 20.86 0.01 - - 18.20 0.00 18.16 0.00 - -
2006Q014 > 23.00 - > 23.00 - 22.03 0.02 21.04 0.04 20.86 0.01 20.29 0.02 - -
2006Q018 23.12 0.24 22.00 0.12 21.31 0.02 20.00 0.02 19.38 0.00 18.58 0.00 - -
2006Q021 24.07 0.36 25.18 0.41 - - - - 21.67 0.02 21.04 0.04 - -
2006Q022 22.60 0.18 24.15 0.29 - - 23.36 0.02 20.76 0.01 19.91 0.01 20.47 0.07
2006Q048 > 23.00 - > 23.00 - - - - - 20.96 0.01 20.51 0.01 20.51 0.03
2006Q049 > 23.00 - > 23.00 - 24.46 0.12 - - 22.47 0.05 21.69 0.04 - -
2006Q054 21.21 0.10 20.71 0.05 20.36 0.01 - - 18.84 0.00 18.26 0.00 - -
2006Q061 > 23.00 - > 23.00 - - - 21.34 0.10 21.28 0.02 20.40 0.02 21.22 0.04
2006Q067 21.31 0.10 20.97 0.07 20.74 0.01 19.32 0.01 19.95 0.01 19.68 0.01 19.81 0.03
2006Q069 21.93 0.13 22.63 0.13 - - 22.60 0.02 21.08 0.01 20.39 0.01 19.26 0.05229
Table D.6 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2006Q075 > 23.00 - > 23.00 - 22.94 0.05 - - 21.40 0.04 20.28 0.02 19.34 0.05
2006Q102 > 23.00 - > 23.00 - - - - - 20.89 0.02 20.25 0.02 20.05 0.02
2006Q106 24.22 0.40 22.95 0.17 21.36 0.02 - - 19.16 0.00 18.28 0.00 - -
2006Q107 - - - - - - - - 23.85 0.08 23.57 0.14 - -
2006Q108 - - - - - - - - 25.75 0.27 23.39 0.10 - -
2006Q112 24.38 0.41 24.04 0.30 24.13 0.10 - - 22.58 0.03 21.46 0.04 20.96 0.08
2006Q114 > 23.00 - > 23.00 - - - - - 21.13 0.02 20.10 0.01 19.96 0.03
2006Q125 > 23.00 - > 23.00 - - - - - 23.78 0.09 23.62 0.13 - -
2006R185 > 23.00 - > 23.00 - - - - - 17.91 0.00 17.19 0.00 16.74 0.01
2006R186 - - - - - - - - 22.11 0.02 22.16 0.07 - -
2006R190 - - - - - - - - 18.64 0.00 18.27 0.00 - -
2006R193 > 23.00 - > 23.00 - 23.58 0.08 - - 22.00 0.02 21.12 0.03 - -
2006R195 - - - - - - - - 21.15 0.01 20.23 0.01 - -
2006R196 - - - - - - - - 19.08 0.00 18.58 0.00 - -
2006R199 22.43 0.18 21.30 0.08 21.29 0.01 - - 19.40 0.00 18.60 0.00 - -
2006R200 > 23.00 - > 23.00 - - - - - 22.14 0.02 21.18 0.03 - -
2006R206 > 23.00 - > 23.00 - - - - - 20.98 0.02 19.65 0.01 19.55 0.02
2006R207 - - - - - - - - 19.37 0.01 18.72 0.01 - -
2006R209 - - - - - - - - 20.06 0.01 19.35 0.01 - -
2006R213 - - - - - - - - 19.97 0.01 19.32 0.01 - -
2006R225 - - - - - - - - 22.22 0.05 21.82 0.04 - -
2006R230 22.45 0.17 24.87 0.46 23.85 0.08 - - 22.00 0.02 21.57 0.03 - -
2006R311 > 23.00 - > 23.00 - - - - - 24.48 0.08 23.51 0.11 - -
2006R317 > 23.00 - > 23.00 - - - - - 21.37 0.02 20.94 0.03 22.11 0.16
2006R318 - - - - - - - - 19.63 0.01 19.07 0.01 - -
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Table D.6 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2006R322 - - - - - - - - 22.08 0.05 21.33 0.04 - -
2006S340 > 23.00 - > 23.00 - - - - - 23.04 0.05 22.53 0.08 21.02 0.10
2006S346 21.47 0.11 22.14 0.12 21.61 0.02 - - 19.98 0.01 19.27 0.01 18.91 0.03
2006S347 > 23.00 - > 23.00 - - - - - 24.50 0.15 23.16 0.11 - -
2006S349 > 23.00 - > 23.00 - - - - - 19.80 0.00 18.87 0.00 19.03 0.01
2006S350 - - - - - - - - 20.68 0.02 20.09 0.01 - -
2006S351 - - - - - - - - 23.59 0.07 22.67 0.08 - -
2006S353 > 23.00 - > 23.00 - - - - - 21.68 0.02 20.43 0.01 18.93 0.04
2006S355 > 23.00 - > 23.00 - - - - - 22.52 0.06 21.78 0.05 - -
2006S362 - - - - - - - - 21.65 0.02 21.14 0.03 - -
2006S370 > 23.00 - > 23.00 - 24.35 0.11 - - 21.68 0.02 21.11 0.02 - -
2006S372 - - - - - - - - 21.82 0.04 21.06 0.02 - -
2006S373 - - - - - - - - 20.85 0.01 19.94 0.01 - -
2006S374 - - - - - - - - 24.18 0.09 23.37 0.11 - -
2006S375 - - - - - - - - 19.79 0.00 18.79 0.00 - -
2006S377 > 23.00 - > 23.00 - - - - - 22.28 0.03 22.05 0.05 21.84 0.09
2006S379 23.21 0.28 24.71 0.51 - - - - 19.70 0.00 18.92 0.00 19.42 0.03
2006S380 - - - - - - - - 23.21 0.07 21.95 0.03 - -
2007X016 - - - - - - - - 20.43 0.01 19.91 0.01 - -
2007X017 > 23.00 - > 23.00 - - - 20.80 0.01 20.19 0.01 18.38 0.01 17.31 0.01
2007X020 - - - - - - - - 24.20 0.20 23.14 0.11 - -
2007X025 20.99 0.09 22.97 0.19 - - - - 18.88 0.01 18.19 0.00 17.99 0.02
2007X033 > 23.00 - > 23.00 - - - - - 21.14 0.01 20.63 0.02 20.45 0.04
2007X034 - - - - - - - - 19.99 0.01 19.07 0.01 - -
2007X039 > 23.00 - > 23.00 - - - - - 24.85 0.18 22.81 0.10 - -231
Table D.6 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2007X066 - - - - - - - - 22.04 0.02 22.06 0.06 - -
2007X071 - - - - - - - - 21.12 0.02 20.76 0.02 - -
2007X077 > 23.00 - > 23.00 - 24.41 0.13 - - 24.24 0.07 24.41 0.16 - -
2007X080 > 23.00 - > 23.00 - - - - - 19.31 0.00 18.70 0.01 - -
2007X085 23.90 0.33 22.53 0.13 23.14 0.06 - - 22.08 0.03 21.35 0.05 - -
2007X089 - - - - - - - - 21.65 0.01 20.54 0.01 - -
2007X107 24.46 0.45 22.89 0.17 - - - - 20.86 0.01 20.18 0.01 - -
2007Y125 - - - - - - - - 22.31 0.03 21.66 0.05 - -
2007Y127 > 23.00 - > 23.00 - - - - - 22.09 0.05 21.03 0.02 - -
2007Y134 > 23.00 - > 23.00 - - - - - 20.17 0.01 19.38 0.01 - -
2007Y136 > 23.00 - > 23.00 - 25.00 0.15 - - 22.17 0.03 21.53 0.04 - -
2007Y137 > 23.00 - > 23.00 - - - - - 21.50 0.02 21.72 0.05 - -
2007Y142 24.89 0.51 25.44 0.48 23.49 0.07 - - 23.29 0.05 22.92 0.09 - -
2007Y143 - - - - - - - - 21.01 0.01 20.14 0.01 - -
2007Y145 > 23.00 - > 23.00 - - - - - 21.89 0.02 21.37 0.04 - -
2007Y151 - - - - - - - - 20.19 0.01 19.53 0.01 - -
2007Y154 - - - - - - - - 21.69 0.02 20.85 0.01 - -
2007Y155 > 23.00 - > 23.00 - - - - - 26.27 0.28 25.81 0.22 - -
2007Y156 > 23.00 - > 23.00 - 24.34 0.10 - - 23.21 0.06 22.10 0.08 - -
2007Y158 - - - - - - - - 20.58 0.01 20.02 0.02 - -
2007Y175 23.96 0.35 24.68 0.37 22.65 0.04 - - 21.24 0.01 20.77 0.02 - -
2007Y177 24.71 0.48 23.95 0.29 23.07 0.05 - - 22.47 0.03 22.32 0.07 - -
2007Z180 > 23.00 - > 23.00 - - - - - 21.99 0.05 20.95 0.03 21.33 0.09
2007Z181 - - - - - - - - 21.23 0.02 20.41 0.02 - -
2007Z183 20.24 0.06 20.39 0.04 - - - - 21.94 0.02 21.21 0.03 21.55 0.11
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Table D.6 – Continued
ESSENCE ID mFUV σFUV mNUV σNUV mB σB mV σV mR σR mI σI mz σz
2007Z185 > 23.00 - > 23.00 - - - 25.30 0.05 22.68 0.03 22.53 0.09 21.38 0.06
2007Z187 > 23.00 - > 23.00 - - - 22.58 0.02 19.98 0.01 19.15 0.01 19.60 0.03
2007Z200 > 23.00 - > 23.00 - - - - - 21.46 0.04 20.54 0.02 21.86 0.14
2007Z202 - - - - - - - - 19.29 0.00 18.79 0.00 - -
2007Z203 - - - - - - - - 23.48 0.06 23.82 0.12 - -
2007Z205 > 23.00 - > 23.00 - - - - - 23.73 0.08 23.72 0.18 - -
2007Z208 22.06 0.15 23.02 0.18 - - - - 22.58 0.03 22.38 0.06 - -
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Table D.7 Rest-frame Kron Photometry
ESSENCE ID MFUV σFUV MNUV σNUV MU σU MB σB MV σV MR σR
2002B010 -17.96 0.35 - - - - -19.72 0.06 -20.13 0.08 - -
2002B013 -17.37 0.29 -17.33 0.08 -20.47 0.03 -19.43 0.03 -19.85 0.04 - -
2002B016 -18.56 0.10 - - - - -21.48 0.02 -22.24 0.02 -22.53 0.03
2002B017 -18.43 0.09 - - - - -20.13 0.03 -20.68 0.02 -21.18 0.04
2002B020 - - - - - - -18.06 0.07 -18.18 0.09 -
2002B022 -16.14 2.00 - - - - -18.84 0.03 -19.56 0.04 - -
2002C015 -15.19 2.00 -13.98 0.25 -17.32 0.19 -17.96 0.03 -19.45 0.03 - -
2003D033 -18.58 0.25 - - - - -21.04 0.03 -21.77 0.03 -24.63 0.03
2003D058 -18.43 3.00 - - - - -21.41 0.03 -23.01 0.03 -23.56 0.02
2003D083 -15.43 2.00 - - - - -16.65 0.15 -17.74 0.19 - -
2003D084 -16.10 2.00 - - - - -20.53 0.03 -21.54 0.03 - -
2003D085 -18.91 0.18 - - - - -18.87 0.03 -19.58 0.03 -19.70 0.21
2003D086 -17.56 0.19 - - - - -17.92 0.04 -19.23 0.04 - -
2003D089 -15.61 2.00 - - - - -17.16 0.04 -18.07 0.06 - -
2003D093 -19.02 0.26 -17.82 0.07 -19.33 0.06 -18.85 0.03 -20.09 0.02 - -
2003D097 -18.11 0.26 - - - - -17.78 0.06 -18.51 0.04 - -
2003D099 -13.90 2.00 - - - - -15.73 0.05 -16.20 0.06 - -
2003D100 -17.07 0.08 - - - - -19.25 0.02 -19.76 0.02 -19.92 0.02
2003D117 -18.24 0.15 -18.31 0.02 - - -20.49 0.02 -21.50 0.02 - -
2003D149 - - - - - - -20.17 0.03 -20.56 0.03 - -
2003E020 -16.52 0.19 - - - - -19.56 0.02 -20.16 0.02 -22.65 0.03
2003E027 - - - - - - -20.82 0.04 -21.71 0.04 - -
2003E029 -18.50 0.12 - - - - -20.81 0.02 -21.57 0.02 - -
2003E108 -15.85 2.00 - - - - -17.33 0.07 -17.82 0.17 - -
2003E132 -19.06 0.06 - - - - -20.35 0.02 -20.83 0.02 - -
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Table D.7 – Continued
ESSENCE ID MFUV σFUV MNUV σNUV MU σU MB σB MV σV MR σR
2003E136 -16.48 0.40 - - - - -18.57 0.03 -19.27 0.04 - -
2003E140 -19.58 0.19 -16.24 0.25 - - -18.11 0.04 -18.55 0.10 - -
2003E148 -17.38 0.29 -17.33 0.08 -20.47 0.03 -19.22 0.03 -19.87 0.03 - -
2003E149 -16.00 2.00 - - -19.53 0.14 -18.54 0.03 -19.54 0.03 - -
2003E309 -14.69 2.00 - - - - -15.73 0.11 -16.03 0.13 - -
2003F096 -15.54 2.00 - - - - -18.81 0.03 -19.31 0.03 - -
2003F123 -16.12 2.00 - - - - -20.32 0.03 -21.22 0.03 - -
2003F216 -19.58 0.18 - - - - -21.09 0.03 -22.28 0.03 - -
2003F221 - - - - - - -20.39 0.03 -21.74 0.03 - -
2003F235 -16.34 0.70 - - - - -17.61 0.06 -18.11 0.08 - -
2003F244 -17.23 0.40 - - - - -18.20 0.11 -18.71 0.09 - -
2003F301 -16.15 2.00 - - - - -20.01 0.04 -20.27 0.04 -20.61 0.12
2003F308 -18.45 0.26 - - - - -15.40 0.19 -16.32 0.23 - -
2004G001 -18.08 0.09 - - - - -21.21 0.02 -22.13 0.02 -22.48 0.03
2004G005 -18.36 0.09 - - - - -21.42 0.02 -22.19 0.02 -23.07 0.03
2004G043 - - - - - - -16.54 0.02 -17.70 0.03 - -
2004G050 -15.63 0.29 - - - - -20.93 0.04 -22.17 0.03 -22.28 0.06
2004G053 -16.64 2.00 - - - - -17.76 0.23 -22.06 0.04 - -
2004G055 -18.80 0.10 - - - - -20.73 0.02 -21.17 0.02 - -
2004G097 -19.72 0.07 - - - - -21.07 0.02 -21.66 0.03 -21.40 0.03
2004G120 -16.05 2.00 - - - - -21.54 0.02 -22.19 0.02 -22.32 0.02
2004G142 -17.88 0.27 - - - - -20.00 0.03 -20.54 0.03 -22.33 0.04
2004G160 -18.09 0.41 - - - - -18.23 0.08 -18.51 0.14 - -
2004G225 -20.16 0.14 - - - - -21.26 0.03 -22.20 0.03 -22.08 0.07
2004G230 -17.45 0.41 - - -16.72 0.05 -20.41 0.02 -21.66 0.02 - -235
Table D.7 – Continued
ESSENCE ID MFUV σFUV MNUV σNUV MU σU MB σB MV σV MR σR
2004G276 -19.00 0.06 - - - - -20.35 0.03 -20.69 0.03 - -
2004H283 - - - - - - -20.68 0.03 -21.31 0.03 - -
2004H300 -16.71 2.00 - - - - -17.63 0.22 -18.85 0.20 - -
2004H311 -20.53 0.12 - - - - -20.95 0.02 -21.62 0.02 -23.14 0.06
2004H319 -20.92 0.09 - - - - -20.25 0.03 -20.48 0.02 - -
2004H323 -18.94 0.26 - - - - -18.65 0.07 -19.27 0.08 - -
2004H359 - - - - - - -18.82 0.02 -18.95 0.04 - -
2004H363 - - - - - - -21.30 0.02 -22.18 0.02 - -
2004H364 -18.22 0.27 -15.68 0.29 - - -18.15 0.03 -18.97 0.04 - -
2004K396 -18.09 0.10 - - - - -21.40 0.02 -22.19 0.02 -22.68 0.03
2004K411 -18.37 3.00 - - - - -16.56 0.35 -17.34 0.28 - -
2004K425 -19.37 0.05 - - - - -20.83 0.02 -21.18 0.02 -21.46 0.03
2004K429 -16.15 0.22 - - - - -17.21 0.02 -18.50 0.04 - -
2004K430 -19.31 0.20 - - - - -20.70 0.04 -21.19 0.03 -20.97 0.10
2004K432 -16.91 2.00 - - - - -19.14 0.10 -20.73 0.15 -20.17 0.10
2004K441 -16.87 2.00 - - - - -18.94 0.05 -20.15 0.04 - -
2004K448 -17.58 0.21 - - - - -19.54 0.04 -20.00 0.04 -20.57 0.08
2004K467 -16.55 2.00 - - - - -20.32 0.02 -22.01 0.02 -23.64 0.04
2004K485 -17.99 0.20 - - - - -20.46 0.03 -20.80 0.03 - -
2004K490 -21.10 0.05 - - - - -19.10 0.12 -19.72 0.10 - -
2005M001 -14.59 2.00 - - - - -17.85 0.04 -18.62 0.02 -19.10 0.07
2005M006 -16.72 0.04 -17.38 0.02 - - -19.97 0.02 -20.83 0.02 - -
2005M022 -13.98 2.00 - - - - -13.50 0.19 -14.85 0.07 - -
2005M026 -16.77 2.01 - - - - -16.47 0.42 -16.83 0.49 - -
2005M027 -15.70 0.36 - - - - -18.17 0.04 -18.67 0.03 -20.97 0.04
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Table D.7 – Continued
ESSENCE ID MFUV σFUV MNUV σNUV MU σU MB σB MV σV MR σR
2005M032 -16.27 0.21 - - - - -17.49 0.02 -17.51 0.03 -16.44 0.27
2005M034 -19.65 0.17 - - - - -19.80 0.06 -21.65 0.06 -20.19 0.21
2005M039 -18.66 0.07 - - - - -21.07 0.02 -21.67 0.02 -21.86 0.03
2005M040 -15.89 2.00 - - - - -21.27 0.03 -22.25 0.03 -22.19 0.03
2005M043 -17.15 0.24 - - - - -18.59 0.04 -18.60 0.04 -19.03 0.13
2005M057 - - - - - - -14.86 0.05 -15.33 0.09 - -
2005M062 -18.44 0.12 - - - - -21.11 0.02 -22.06 0.02 -22.14 0.03
2005M070 -18.03 0.09 -18.34 0.03 - - -19.64 0.02 -20.16 0.02 - -
2005M075 -14.13 0.19 - - - - -18.51 0.02 -19.71 0.02 -20.68 0.03
2005M087 -18.44 0.08 -19.04 0.03 - - -20.35 0.02 -21.11 0.02 - -
2005M158 -17.84 3.00 - - - - -20.38 0.05 -20.58 0.06 -20.71 0.12
2005M193 -16.91 3.00 - - - - -21.13 0.03 -21.65 0.02 -22.01 0.04
2005M226 - - - - - - -20.10 0.04 -20.23 0.05 - -
2005N246 -19.40 0.30 - - - - -19.22 0.05 -19.71 0.05 -19.41 0.25
2005N258 - - - - - - -21.60 0.03 -21.92 0.03 - -
2005N263 - - - - - - -21.99 0.02 -22.67 0.02 - -
2005N278 -17.56 0.22 - - - - -20.96 0.02 -21.86 0.02 -22.57 0.03
2005N285 -18.13 0.24 - - - - -20.24 0.04 -20.70 0.04 - -
2005N322 -17.21 2.00 - - - - -20.68 0.03 -21.34 0.04 - -
2005N326 -15.92 0.44 - - - - -22.04 0.02 -23.05 0.02 -23.60 0.03
2005N346 -18.79 0.09 - - - - -19.87 0.03 -20.25 0.03 -20.51 0.04
2005N368 -16.97 3.00 - - - - -20.68 0.03 -21.32 0.03 - -
2005N395 - - - - - - -20.33 0.03 -20.69 0.03 - -
2005N400 -18.55 0.19 - - - - -19.83 0.03 -20.62 0.03 -20.98 0.08
2005N404 -17.89 0.09 -18.00 0.03 - - -19.67 0.02 -21.15 0.02 - -237
Table D.7 – Continued
ESSENCE ID MFUV σFUV MNUV σNUV MU σU MB σB MV σV MR σR
2005P425 -18.37 0.25 - - - - -18.83 0.04 -19.42 0.04 -18.89 0.26
2005P429 -20.49 0.10 - - - - -20.39 0.04 -21.12 0.03 -23.14 0.04
2005P444 -19.10 0.24 - - - - -18.39 0.06 -19.76 0.05 - -
2005P445 -20.31 0.18 - - - - -20.47 0.03 -20.49 0.04 - -
2005P454 - - - - - - -18.98 0.04 -20.48 0.03 - -
2005P455 -16.83 0.24 - - - - -21.49 0.02 -22.30 0.02 - -
2005P459 - - - - - - -17.86 0.10 -18.16 0.18 - -
2005P520 -16.62 2.00 - - - - -17.19 0.12 -17.42 0.23 - -
2005P524 -17.10 0.39 - - - - -14.67 0.27 -15.16 0.36 - -
2005P527 -17.01 0.40 - - - - -19.96 0.03 -20.95 0.03 - -
2005P528 -17.19 2.00 - - - - -18.91 0.06 -19.31 0.10 - -
2006Q002 - - - - - - -20.62 0.02 -21.41 0.02 - -
2006Q006 -16.54 0.62 - - - - -20.51 0.02 -21.61 0.02 - -
2006Q007 -19.58 0.03 - - - - -21.87 0.02 -22.44 0.02 - -
2006Q008 -15.47 0.36 -17.51 0.04 - - -21.46 0.02 -21.62 0.02 - -
2006Q014 -17.81 0.14 -17.87 0.02 -19.96 0.03 -19.08 0.03 -19.40 0.03 - -
2006Q018 -17.30 0.18 -17.84 0.03 -20.45 0.03 -20.29 0.02 -21.07 0.02 - -
2006Q021 -18.26 0.22 - - - - -18.84 0.04 -19.87 0.03 - -
2006Q022 -16.49 0.26 - - -16.72 0.02 -18.41 0.02 -19.31 0.02 -19.30 0.05
2006Q048 -18.47 0.17 - - - - -20.27 0.03 -20.57 0.03 -21.51 0.04
2006Q049 -15.57 2.00 -15.61 0.14 - - -18.53 0.03 -19.28 0.03 - -
2006Q054 -19.81 0.05 -20.06 0.03 - - -21.50 0.02 -21.99 0.02 - -
2006Q061 -17.59 0.22 - - -19.57 0.13 -18.89 0.03 -20.01 0.04 -19.29 0.04
2006Q067 -17.67 0.08 -18.05 0.03 -20.48 0.02 -19.15 0.02 -19.26 0.02 -20.10 0.04
2006Q069 -17.66 0.12 - - -17.72 0.03 -18.36 0.03 -19.09 0.03 -22.20 0.03
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Table D.7 – Continued
ESSENCE ID MFUV σFUV MNUV σNUV MU σU MB σB MV σV MR σR
2006Q075 -18.24 0.18 -18.01 0.06 - - -19.58 0.02 -21.04 0.03 -23.70 0.03
2006Q102 -19.42 0.14 - - - - -20.25 0.03 -21.12 0.03 -21.82 0.04
2006Q106 -18.23 0.25 -19.36 0.02 - - -22.23 0.02 -23.03 0.02 - -
2006Q107 -17.84 0.39 - - - - -18.60 0.07 -18.86 0.10 - -
2006Q108 -18.24 0.38 - - - - -17.26 0.32 -18.27 0.20 - -
2006Q112 -18.84 0.38 -18.66 0.12 - - -19.82 0.02 -21.30 0.02 -23.27 0.05
2006Q114 -16.24 0.22 - - - - -22.10 0.03 -22.44 0.03 -23.63 0.03
2006Q125 -17.88 0.19 - - - - -17.54 0.06 -17.95 0.09 - -
2006R185 -14.28 0.37 - - - - -20.45 0.02 -21.40 0.02 -23.04 0.03
2006R186 -18.03 0.17 - - - - -18.31 0.04 -18.73 0.04 - -
2006R190 - - - - - - -22.03 0.02 -22.42 0.02 - -
2006R193 -16.64 2.00 -18.15 0.12 - - -20.47 0.03 -21.44 0.02 - -
2006R195 -16.19 2.00 - - - - -20.83 0.03 -21.63 0.03 - -
2006R196 -18.88 0.06 - - - - -20.61 0.02 -21.08 0.02 - -
2006R199 -19.74 0.09 -19.87 0.04 - - -21.55 0.02 -22.29 0.02 - -
2006R200 -14.55 2.00 - - - - -17.81 0.02 -18.57 0.04 - -
2006R206 -16.56 2.00 - - - - -21.62 0.03 -22.68 0.03 -23.58 0.03
2006R207 -20.43 0.08 - - - - -22.66 0.03 -23.04 0.02 - -
2006R209 -18.14 0.20 - - - - -21.23 0.03 -21.76 0.03 - -
2006R213 -17.72 0.15 - - - - -20.24 0.03 -20.89 0.03 - -
2006R225 - - - - - - -18.61 0.03 -18.99 0.02 - -
2006R230 -18.35 0.09 -16.19 0.14 - - -18.20 0.04 -18.22 0.02 - -
2006R311 -19.43 0.27 - - - - -18.38 0.09 -19.05 0.18 - -
2006R317 -20.01 0.22 - - - - -21.76 0.04 -21.77 0.03 -21.50 0.19
2006R318 - - - - - - -20.00 0.03 -20.35 0.03 - -239
Table D.7 – Continued
ESSENCE ID MFUV σFUV MNUV σNUV MU σU MB σB MV σV MR σR
2006R322 - - - - - - -19.34 0.03 -20.24 0.03 - -
2006S340 -16.20 2.00 - - - - -19.07 0.04 -19.59 0.04 -22.72 0.06
2006S346 -17.52 0.14 -17.88 0.02 - - -19.64 0.02 -20.40 0.02 -22.20 0.03
2006S347 -15.32 3.00 - - - - -15.70 0.10 -17.42 0.07 - -
2006S349 -15.94 0.26 - - - - -19.15 0.02 -20.16 0.02 -20.96 0.03
2006S350 -19.76 0.21 - - - - -22.31 0.04 -22.59 0.03 - -
2006S351 - - - - - - -19.23 0.04 -19.98 0.06 - -
2006S353 -16.45 2.00 - - - - -20.54 0.03 -21.64 0.03 - -
2006S355 -18.76 3.00 - - - - -19.84 0.03 -20.45 0.03 - -
2006S362 -16.96 0.21 - - - - -18.09 0.04 -18.52 0.04 - -
2006S370 -15.69 2.00 -15.67 0.14 - - -19.34 0.03 -19.92 0.02 - -
2006S372 -18.93 0.25 - - - - -21.09 0.03 -21.40 0.04 - -
2006S373 - - - - - - -21.70 0.03 -22.26 0.03 - -
2006S374 -17.18 2.00 - - - - -20.11 0.07 -20.36 0.12 - -
2006S375 -18.21 0.32 - - - - -22.16 0.02 -23.02 0.02 - -
2006S377 -18.20 0.25 - - - - -18.99 0.03 -19.45 0.03 -19.96 0.11
2006S379 -14.61 0.51 - - - - -18.90 0.02 -19.81 0.02 -19.99 0.02
2006S380 - - - - - - -19.23 0.04 -20.36 0.03 - -
2007X016 -20.41 0.04 - - - - -20.18 0.02 -20.98 0.03 - -
2007X017 -19.06 0.14 - - -21.20 0.02 -21.08 0.02 -22.97 0.02 -24.31 0.03
2007X020 -16.74 2.00 - - - - -18.80 0.12 -19.04 0.08 - -
2007X025 -21.10 0.05 - - - - -21.89 0.02 -22.53 0.02 -23.22 0.02
2007X033 -17.51 0.31 - - - - -19.99 0.03 -20.21 0.03 -21.08 0.05
2007X034 - - - - - - -21.95 0.03 -22.64 0.03 - -
2007X039 -17.12 2.00 - - - - -19.15 0.17 -20.68 0.11 - -
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Table D.7 – Continued
ESSENCE ID MFUV σFUV MNUV σNUV MU σU MB σB MV σV MR σR
2007X066 -18.19 0.16 - - - - -18.41 0.04 -18.81 0.04 - -
2007X071 - - - - - - -20.28 0.04 -20.49 0.03 - -
2007X077 -16.12 2.00 -17.70 0.22 - - -17.22 0.08 -17.57 0.15 - -
2007X080 -19.44 0.11 - - - - -21.43 0.02 -21.93 0.02 - -
2007X085 -21.09 0.09 -19.13 0.06 - - -20.27 0.02 -20.57 0.03 - -
2007X089 -20.48 0.08 - - - - -20.28 0.03 -21.14 0.03 - -
2007X107 -13.76 0.59 - - - - -17.02 0.03 -17.86 0.03 - -
2007Y125 -14.58 2.00 - - - - -17.51 0.04 -18.86 0.03 - -
2007Y127 -17.95 0.36 - - - - -19.70 0.03 -20.72 0.03 - -
2007Y134 -16.05 0.35 - - - - -19.86 0.03 -20.72 0.03 - -
2007Y136 -16.19 2.00 -15.98 0.18 - - -19.74 0.02 -19.89 0.02 - -
2007Y137 -19.81 0.10 - - - - -19.46 0.04 -20.00 0.03 - -
2007Y142 -16.45 2.00 - - - - -18.74 0.05 -18.82 0.05 - -
2007Y143 -17.03 0.37 - - - - -20.35 0.03 -21.04 0.03 - -
2007Y145 -20.44 0.11 - - - - -20.14 0.02 -20.81 0.02 - -
2007Y151 -20.47 0.10 - - - - -21.89 0.03 -22.30 0.03 - -
2007Y154 - - - - - - -20.80 0.03 -21.39 0.03 - -
2007Y155 -17.22 2.01 - - - - -16.70 0.43 -16.95 0.39 - -
2007Y156 -18.82 0.29 -17.95 0.12 - - -19.40 0.04 -21.11 0.04 - -
2007Y158 -19.10 0.13 - - - - -21.00 0.03 -21.40 0.03 - -
2007Y175 -18.99 0.18 -18.79 0.06 - - -19.87 0.03 -20.24 0.03 - -
2007Y177 -16.59 0.36 -17.36 0.08 - - -18.00 0.03 -18.35 0.05 - -
2007Z180 -15.75 2.00 - - - - -19.32 0.03 -20.20 0.04 -20.62 0.14
2007Z181 - - - - - - -21.59 0.04 -22.07 0.04 - -
2007Z183 -14.58 2.00 - - - - -17.87 0.03 -18.70 0.02 -18.63 0.10241
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ESSENCE ID MFUV σFUV MNUV σNUV MU σU MB σB MV σV MR σR
2007Z185 -19.25 0.15 - - - - -18.53 0.03 -18.83 0.04 -20.75 0.07
2007Z187 -18.71 0.10 - - -18.33 0.03 -20.00 0.02 -20.80 0.02 -20.90 0.03
2007Z200 -17.94 0.24 - - - - -19.74 0.04 -20.86 0.04 -19.52 0.14
2007Z202 - - - - - - -20.12 0.02 -20.52 0.02 - -
2007Z203 -17.27 0.18 - - - - -16.11 0.07 -16.55 0.12 - -
2007Z205 -18.39 0.20 - - - - -17.27 0.06 -17.44 0.12 - -
2007Z208 -17.66 0.34 - - - - -19.19 0.03 -19.33 0.04 - -
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Probability
ESSENCE ID Galaxy Fit GCDNUV RE f fNUV R90NUV RKronNUV/ GCDNUV/ GCDR RE f fR R90R RKronR/ GCDR/
Type % (Kpc) (Kpc) (Kpc) RE f fNUV RE f fNUV (Kpc) (Kpc) (Kpc) RE f fR RE f fR
2002B010 Starburst 86.12 6.16 5.02 11.29 2.24 1.22 3.45 13.65 24.22 1.77 0.25
2002B013 Starburst 99.76 1.82 4.41 15.81 3.58 0.41 10.31 3.15 10.13 3.20 3.26
2002B016 Starburst 99.88 1.34 4.36 8.93 2.04 0.30 7.83 5.45 19.01 3.48 1.43
2002B017 Starburst 99.91 3.75 3.48 13.20 3.79 1.07 4.40 3.22 10.48 3.25 1.36
2002B020 Starburst 99.97 - - - - - 1.64 3.87 8.93 2.30 0.42
2002B022 Spiral 95.55 - - - - - 2.71 2.38 5.99 2.51 1.14
2002C015 Passive 99.92 - - - - - 3.23 4.26 16.69 3.91 0.76
2003D033 Passive 90.00 1.38 3.37 10.31 3.06 0.41 6.96 3.86 11.26 2.91 1.80
2003D058 Passive 99.95 - - - - - 30.55 4.14 14.45 3.49 7.37
2003D083 Spiral 88.82 - - - - - 2.20 1.22 2.74 2.24 1.80
2003D084 Passive 99.98 - - - - - 0.42 3.64 9.19 2.52 0.11
2003D085 Starburst 99.98 3.04 4.13 14.00 3.38 0.73 2.92 2.45 7.29 2.97 1.19
2003D086 Starburst 98.65 2.47 4.29 15.07 3.51 0.57 6.28 2.83 7.43 2.62 2.21
2003D089 Passive 98.67 - - - - - 1.58 1.86 3.74 2.01 0.85
2003D093 Starburst 99.79 0.75 7.28 19.33 2.65 0.10 2.67 2.46 7.88 3.19 1.08
2003D097 Starburst 99.90 7.89 4.25 15.07 3.54 1.85 2.04 4.75 8.13 1.70 0.43
2003D099 Starburst 99.08 - - - - - 1.54 1.38 3.38 2.44 1.11
2003D100 Starburst 97.04 0.79 2.07 5.21 2.51 0.38 1.73 1.82 5.83 3.20 0.95
2003D117 Passive 59.89 4.53 5.64 17.27 3.06 0.80 13.68 3.57 16.26 4.54 3.82
2003D149 Starburst 99.77 - - - - - 6.11 3.77 13.22 3.50 1.62
2003E020 Passive 86.13 1.00 2.36 11.57 4.90 0.42 2.99 3.02 13.61 4.49 0.98
2003E027 Spiral 97.65 - - - - - 6.68 2.54 5.12 2.01 2.62
2003E029 Starburst 84.85 1.90 3.48 10.33 2.96 0.54 9.12 3.20 9.40 2.93 2.84
243
Table D.8 – Continued
Probability
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Type % (Kpc) (Kpc) (Kpc) RE f fNUV RE f fNUV (Kpc) (Kpc) (Kpc) RE f fR RE f fR
2003E108 Starburst 99.04 - - - - - 5.75 2.40 5.19 2.16 2.39
2003E132 Starburst 97.05 2.52 4.80 20.76 4.32 0.52 1.87 3.23 9.35 2.88 0.58
2003E136 Starburst 94.63 7.07 2.78 8.68 3.12 2.54 3.11 2.03 3.87 1.90 1.52
2003E140 Starburst 99.66 14.89 12.12 19.92 1.64 1.22 0.59 7.24 14.10 1.94 0.08
2003E148 Starburst 99.95 3.85 4.41 15.81 3.58 0.87 10.14 2.91 8.45 2.90 3.48
2003E149 Starburst 99.43 - - - - - 0.17 2.67 5.92 2.21 0.06
2003E309 Starburst 99.97 - - - - - 11.96 1.97 8.07 4.08 6.05
2003F096 Starburst 99.87 - - - - - 1.44 3.14 12.04 3.82 0.45
2003F123 Spiral 94.69 - - - - - 0.80 2.75 7.42 2.69 0.29
2003F216 Passive 94.99 2.79 10.82 19.05 1.76 0.25 3.47 4.54 17.17 3.77 0.76
2003F221 Passive 99.96 - - - - - 2.79 4.61 17.25 3.74 0.60
2003F235 Starburst 95.23 3.70 2.32 8.30 3.58 1.59 3.94 2.56 8.91 3.47 1.54
2003F244 Starburst 99.03 0.75 3.52 6.89 1.95 0.21 6.46 2.44 7.73 3.16 2.64
2003F301 Spiral 99.91 - - - - - 2.38 4.78 18.07 3.77 0.49
2003F308 Starburst 98.99 7.64 5.61 12.19 2.17 1.36 1.44 1.71 4.09 2.38 0.84
2004G001 Passive 99.73 1.28 3.14 7.47 2.37 0.40 2.67 2.76 10.44 3.77 0.96
2004G005 Passive 78.47 5.69 6.59 19.88 3.01 0.86 16.38 3.33 17.06 5.11 4.91
2004G043 Starburst 60.21 - - - - - 0.61 1.47 5.01 3.40 0.41
2004G050 Passive 99.90 11.27 5.11 15.25 2.98 2.20 3.04 3.41 12.97 3.79 0.88
2004G053 Passive 99.95 - - - - - 4.99 2.44 8.23 3.37 2.04
2004G055 Starburst 78.93 5.40 4.79 20.59 4.29 1.12 12.40 3.62 16.27 4.49 3.42
2004G097 Starburst 99.90 1.28 4.16 14.52 3.48 0.30 5.44 3.82 13.61 3.55 1.42
2004G120 Passive 99.45 - - - - - 8.87 3.87 17.16 4.43 2.29
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ESSENCE ID Galaxy Fit GCDNUV RE f fNUV R90NUV RKronNUV/ GCDNUV/ GCDR RE f fR R90R RKronR/ GCDR/
Type % (Kpc) (Kpc) (Kpc) RE f fNUV RE f fNUV (Kpc) (Kpc) (Kpc) RE f fR RE f fR
2004G142 Starburst 91.02 3.43 4.15 12.85 3.09 0.82 2.49 2.63 8.00 3.04 0.94
2004G160 Starburst 99.97 9.75 6.89 19.55 2.83 1.41 0.66 3.46 12.37 3.56 0.19
2004G225 Starburst 98.69 3.33 6.68 23.06 3.44 0.49 13.78 4.93 15.94 3.23 2.79
2004G230 Passive 99.97 1.03 4.29 13.66 3.18 0.23 2.91 2.89 10.08 3.48 1.00
2004G276 Starburst 99.98 1.87 3.53 17.35 4.91 0.52 6.57 3.42 13.06 3.81 1.91
2004H283 Starburst 89.59 - - - - - 7.87 2.78 7.76 2.78 2.82
2004H300 Spiral 79.07 - - - - - 3.08 1.91 5.03 2.63 1.61
2004H311 Starburst 99.79 2.35 6.22 20.37 3.27 0.37 18.28 3.17 11.00 3.46 5.76
2004H319 Starburst 99.98 2.85 24.92 70.06 2.81 0.11 4.33 4.74 18.98 3.99 0.91
2004H323 Starburst 98.34 18.56 5.77 20.27 3.51 3.21 2.10 3.38 10.62 3.13 0.62
2004H359 Starburst 99.83 - - - - - 4.72 4.13 14.96 3.61 1.14
2004H363 Spiral 55.18 - - - - - 10.72 3.30 14.71 4.44 1.74
2004H364 Starburst 99.64 5.58 3.71 13.10 3.53 1.50 0.38 2.76 8.91 3.22 0.13
2004K396 Spiral 98.02 4.74 3.27 8.05 2.45 1.44 17.20 3.47 14.84 4.27 4.95
2004K411 Starburst 99.49 - - - - - 3.32 1.87 6.89 3.67 1.77
2004K425 Starburst 99.54 4.74 3.27 8.05 2.45 1.44 17.20 3.47 14.84 4.27 4.95
2004K429 Starburst 99.98 1.04 3.39 11.68 3.44 0.30 0.60 1.49 3.94 2.64 0.40
2004K430 Starburst 95.17 6.10 4.68 14.42 3.08 1.30 13.30 3.50 11.84 3.38 3.79
2004K432 Passive 81.00 - - - - - 1.41 3.09 7.00 2.26 0.45
2004K441 Passive 99.95 - - - - - 17.10 2.00 3.71 1.85 8.54
2004K448 Starburst 92.88 1.79 2.80 5.51 1.96 0.63 2.51 3.24 12.16 3.74 0.77
2004K467 Passive 99.98 - - - - - 28.00 5.15 19.37 3.75 5.42
2004K485 Starburst 97.49 5.13 4.09 9.87 2.41 1.25 4.08 5.02 22.15 4.40 0.81245
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ESSENCE ID Galaxy Fit GCDNUV RE f fNUV R90NUV RKronNUV/ GCDNUV/ GCDR RE f fR R90R RKronR/ GCDR/
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2004K490 Starburst 99.88 13.62 5.38 18.26 3.39 2.53 2.06 3.16 9.02 2.85 0.65
2005M001 Spiral 98.77 - - - - - 2.79 2.38 8.67 3.64 1.17
2005M006 Spiral 99.98 1.01 1.70 4.44 2.60 0.59 3.94 2.29 9.52 4.15 1.71
2005M022 Passive 68.61 - - - - - 3.30 0.82 1.68 2.04 4.00
2005M026 Starburst 99.74 - - - - - 3.70 1.38 4.51 3.24 2.66
2005M027 Spiral 89.90 3.68 2.10 3.96 1.88 1.75 1.31 2.25 8.19 3.62 0.58
2005M032 Starburst 99.95 1.84 2.99 8.52 2.84 0.61 1.54 2.64 11.15 4.21 0.58
2005M034 Spiral 99.93 6.29 8.52 23.49 2.75 0.73 3.87 3.03 6.63 2.18 1.27
2005M039 Starburst 95.66 0.82 4.55 17.04 3.74 0.18 1.63 3.90 11.97 3.06 0.41
2005M040 Passive 99.93 - - - - - 18.95 3.63 12.06 3.31 5.21
2005M043 Starburst 99.92 1.22 3.38 12.28 3.62 0.35 1.31 2.22 7.08 3.17 0.59
2005M057 Starburst 75.61 - - - - - 1.04 0.86 1.66 1.91 1.19
2005M062 Spiral 97.54 1.07 3.58 12.85 3.59 0.29 1.39 3.73 14.49 3.87 0.37
2005M070 Starburst 99.94 0.66 3.04 11.94 3.92 0.21 2.46 3.25 13.60 4.17 0.75
2005M075 Passive 98.08 0.04 1.30 2.84 2.18 0.02 1.18 0.88 2.95 3.34 1.34
2005M087 Starburst 99.97 1.99 3.05 7.22 2.37 0.65 5.24 2.91 10.35 3.55 1.79
2005M158 Starburst 99.70 - - - - - 7.97 4.15 11.47 2.76 1.91
2005M193 Passive 99.86 - - - - - 7.03 5.30 20.86 3.93 1.32
2005M226 Starburst 99.65 - - - - - 1.73 7.24 20.76 2.86 0.23
2005N246 Starburst 99.95 12.82 5.34 19.23 3.59 2.39 2.68 2.98 7.51 2.51 0.90
2005N258 Starburst 99.12 2.11 4.80 18.18 3.78 0.43 8.93 4.89 13.21 2.69 1.82
2005N263 Spiral 92.13 - - - - - 12.45 4.01 18.45 4.59 3.10
2005N278 Passive 99.82 2.74 2.83 11.24 3.96 0.96 9.20 2.94 9.65 3.27 3.12
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2005N285 Starburst 99.59 4.32 4.34 10.57 2.43 0.99 20.26 3.89 10.67 2.74 5.20
2005N322 Starburst 99.30 - - - - - 2.41 3.86 13.09 3.39 0.62
2005N326 Passive 99.01 7.14 3.23 14.71 4.55 2.20 20.74 7.02 37.07 5.27 2.95
2005N346 Starburst 99.98 0.89 5.09 15.38 3.01 0.17 4.56 2.90 11.21 3.86 1.57
2005N368 Spiral 58.31 - - - - - 5.05 3.22 15.64 4.85 1.56
2005N395 Starburst 98.87 - - - - - 0.68 2.40 5.87 2.44 0.28
2005N400 Starburst 96.55 1.33 4.41 13.88 3.14 0.30 2.88 2.46 6.85 2.78 1.17
2005N404 Starburst 99.63 1.65 2.64 8.73 3.30 0.62 7.16 3.36 11.88 3.53 2.12
2005P425 Starburst 99.88 6.67 4.55 16.40 3.60 1.46 1.08 2.78 7.98 2.86 0.38
2005P429 Starburst 99.75 7.72 8.02 30.05 3.74 0.96 3.52 3.72 11.62 3.12 0.94
2005P444 Starburst 99.94 13.26 8.10 26.47 3.26 1.63 18.96 2.80 6.86 2.45 6.77
2005P445 Starburst 99.96 41.75 7.06 21.36 3.02 5.91 4.53 4.37 16.09 3.67 1.03
2005P454 Passive 99.92 - - - - - 3.22 2.16 4.60 2.12 1.48
2005P455 Passive 92.46 5.30 4.30 12.81 2.97 1.23 20.70 3.52 14.01 3.97 5.87
2005P459 Starburst 99.66 - - - - - 12.35 2.59 6.79 2.61 4.75
2005P520 Starburst 99.84 - - - - - 0.27 1.91 3.87 2.02 0.14
2005P524 Starburst 99.33 20.17 4.64 11.27 2.42 4.34 0.66 1.03 1.77 1.71 0.64
2005P527 Passive 99.86 2.57 3.24 9.35 2.88 0.79 5.43 2.84 7.34 2.58 1.91
2005P528 Starburst 98.83 - - - - - 5.81 2.64 5.65 2.13 2.19
2006Q002 Spiral 93.65 - - - - - 1.63 2.29 7.77 3.39 0.71
2006Q006 Passive 99.82 2.79 3.23 18.08 5.60 0.86 12.82 2.91 10.02 3.44 4.40
2006Q007 Starburst 98.54 2.56 4.22 16.42 3.88 0.60 8.70 6.57 23.04 3.50 1.32
2006Q008 Passive 99.83 5.63 1.74 4.70 2.69 3.23 4.31 2.81 10.59 3.76 1.53247
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2006Q014 Starburst 99.35 0.45 3.25 10.55 3.24 0.13 0.56 2.80 9.56 3.40 0.20
2006Q018 Spiral 88.64 0.78 3.39 10.39 3.05 0.22 4.04 3.62 13.26 3.66 1.11
2006Q021 Starburst 99.67 1.46 5.34 16.75 3.13 0.27 1.62 3.76 7.59 2.01 0.43
2006Q022 Starburst 99.98 10.53 2.32 7.70 3.32 4.54 0.74 2.00 5.91 2.95 0.37
2006Q048 Starburst 98.97 3.19 4.83 12.00 2.48 0.66 7.09 2.85 8.84 3.09 2.48
2006Q049 Spiral 81.81 - - - - - 3.20 2.57 8.58 3.32 1.24
2006Q054 Starburst 99.60 2.27 3.65 13.41 3.67 0.62 9.76 3.75 14.40 3.83 2.60
2006Q061 Starburst 99.98 1.08 4.07 16.24 3.99 0.26 0.30 1.93 5.69 2.94 0.15
2006Q067 Starburst 99.99 0.95 2.29 7.64 3.33 0.41 1.47 2.20 10.17 4.60 0.66
2006Q069 Starburst 99.89 1.12 2.77 7.41 2.67 0.40 1.17 2.03 7.39 3.63 0.57
2006Q075 Passive 99.90 2.22 3.63 8.38 2.30 0.61 10.49 3.59 8.11 2.25 2.91
2006Q102 Starburst 99.79 2.84 6.23 22.31 3.58 0.45 5.65 2.67 6.90 2.58 2.11
2006Q106 Spiral 96.36 14.22 4.40 12.36 2.80 3.22 31.33 3.99 14.76 3.69 7.84
2006Q107 Starburst 99.11 12.52 3.70 7.20 1.94 3.37 1.16 2.87 9.46 3.29 0.40
2006Q108 Starburst 99.76 12.31 4.47 14.14 3.16 2.75 1.34 1.66 3.39 2.04 0.80
2006Q112 Starburst 92.23 - - - - - 6.56 2.69 6.30 2.34 2.43
2006Q114 Passive 93.06 16.09 4.31 12.38 2.87 3.73 15.18 8.02 25.08 3.12 1.89
2006Q125 Starburst 99.97 4.91 3.76 9.06 2.41 1.30 0.72 3.39 8.78 2.58 0.21
2006R185 Passive 99.96 1.02 1.77 3.92 2.21 0.57 2.56 3.88 18.27 4.69 0.66
2006R186 Starburst 99.89 1.61 4.61 13.10 2.83 0.34 4.31 2.84 9.32 3.28 1.51
2006R190 Starburst 88.39 - - - - - 2.39 6.66 22.68 3.40 0.35
2006R193 Spiral 97.07 - - - - - 13.70 4.38 12.33 2.81 3.12
2006R195 Spiral 98.71 - - - - - 8.51 3.74 15.91 4.24 2.27
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2006R196 Starburst 97.03 0.88 3.03 9.04 2.98 0.28 4.76 3.18 10.49 3.29 1.49
2006R199 Starburst 99.90 4.49 6.21 23.24 3.74 0.72 11.40 3.56 12.11 3.39 3.19
2006R200 Spiral 99.63 - - - - - 2.11 2.38 8.70 3.65 0.88
2006R206 Passive 99.96 - - - - - 2.32 4.23 15.60 3.68 0.54
2006R207 Starburst 99.27 3.48 5.53 18.37 3.31 0.62 12.28 5.55 20.67 3.71 2.21
2006R209 Starburst 94.64 3.74 3.92 10.67 2.71 0.95 6.01 3.78 14.29 3.77 1.58
2006R213 Starburst 71.40 2.69 4.05 9.68 2.39 0.66 2.49 3.02 10.27 3.40 0.82
2006R225 Starburst 83.37 - - - - - 1.99 2.50 5.87 2.34 0.79
2006R230 Starburst 99.92 3.24 9.53 0.74 6.81 0.19 2.58 9.45 3.66 0.07 0.00
2006R311 Starburst 99.95 19.15 9.29 16.16 1.73 2.06 1.63 2.45 4.95 2.01 0.66
2006R317 Starburst 99.98 10.70 8.02 28.10 3.50 1.33 33.73 7.56 28.85 3.81 4.45
2006R318 Starburst 99.85 - - - - - 21.50 2.31 8.36 3.61 9.30
2006R322 Passive 97.78 - - - - - 3.22 3.42 6.73 1.96 0.94
2006S340 Passive 99.92 - - - - - 5.08 3.07 9.68 3.14 1.65
2006S346 Starburst 60.74 0.83 2.71 6.86 2.52 0.30 2.06 3.10 13.50 4.34 0.66
2006S347 Passive 99.84 - - - - - 14.06 1.46 3.51 2.40 9.62
2006S349 Passive 93.94 1.18 1.77 6.36 3.58 0.66 0.75 2.17 8.61 3.95 0.34
2006S350 Starburst 99.90 2.82 6.55 24.48 3.73 0.43 17.01 6.77 24.71 3.64 2.51
2006S351 Spiral 94.13 - - - - - 5.01 2.38 4.67 1.95 2.09
2006S353 Passive 99.96 - - - - - 14.03 2.84 5.95 2.09 4.92
2006S355 Starburst 90.83 - - - - - 7.00 3.01 5.25 1.74 2.32
2006S362 Starburst 89.15 2.03 2.82 8.27 2.93 0.71 5.26 2.17 5.55 2.55 2.42
2006S370 Spiral 98.85 - - - - - 7.64 4.25 18.02 4.24 1.79249
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2006S372 Starburst 99.26 2.67 3.70 11.05 2.98 0.72 3.25 3.51 12.90 3.67 0.92
2006S373 Spiral 78.62 - - - - - 21.80 5.65 23.33 4.12 3.85
2006S374 Starburst 99.82 - - - - - 1.01 13.23 30.20 2.28 0.07
2006S375 Spiral 94.13 8.57 4.58 16.82 3.67 1.87 17.59 3.77 11.89 3.14 4.65
2006S377 Starburst 99.93 11.33 3.72 10.68 2.86 3.04 1.26 3.23 11.33 3.50 0.39
2006S379 Passive 99.99 3.00 1.75 6.36 3.63 1.71 1.31 1.87 7.53 4.02 0.70
2006S380 Passive 99.94 - - - - - 4.87 2.17 4.27 1.96 2.24
2007X016 Starburst 99.98 9.12 4.32 14.29 3.30 2.11 1.91 2.99 10.01 3.34 0.63
2007X017 Passive 99.96 3.52 4.40 15.57 3.54 0.80 6.10 5.01 15.41 3.07 1.21
2007X020 Starburst 99.42 - - - - - 1.16 2.58 7.35 2.84 0.44
2007X025 Starburst 99.98 6.03 16.73 63.92 3.82 0.36 14.76 6.02 22.30 3.70 2.45
2007X033 Starburst 99.99 0.65 4.03 10.11 2.50 0.16 6.37 3.71 13.65 3.67 1.71
2007X034 Starburst 57.55 - - - - - 9.66 5.06 20.45 4.03 1.90
2007X039 Passive 99.92 - - - - - 4.17 1.72 3.52 2.04 2.41
2007X066 Starburst 99.98 3.19 7.39 16.15 2.18 0.43 6.08 2.42 7.32 3.02 2.51
2007X071 Starburst 99.94 - - - - - 3.19 2.79 5.95 2.13 1.14
2007X077 Starburst 99.96 - - - - - 2.88 2.06 4.74 2.29 1.39
2007X080 Starburst 96.36 0.63 7.82 27.66 3.53 0.08 4.28 3.95 14.09 3.56 1.08
2007X085 Starburst 99.99 - - - - - 7.03 4.33 14.22 3.28 1.62
2007X089 Starburst 99.99 4.51 8.72 33.15 3.80 0.51 8.94 4.29 20.17 4.69 2.08
2007X107 Spiral 97.56 3.58 1.25 3.92 3.13 2.86 0.44 1.03 2.67 2.58 0.43
2007Y125 Passive 99.80 - - - - - 3.39 2.23 5.31 2.37 1.52
2007Y127 Starburst 74.82 9.73 3.98 14.00 3.51 2.44 0.31 2.08 3.96 1.89 0.15
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Type % (Kpc) (Kpc) (Kpc) RE f fNUV RE f fNUV (Kpc) (Kpc) (Kpc) RE f fR RE f fR
2007Y134 Spiral 98.78 6.74 2.43 6.34 2.61 2.77 1.94 2.41 8.32 3.43 0.80
2007Y136 Spiral 99.95 - - - - - 1.53 3.65 14.22 3.89 0.41
2007Y137 Starburst 99.98 2.29 12.92 31.19 2.41 0.17 4.60 3.08 12.79 4.14 1.49
2007Y142 Starburst 99.93 - - - - - 2.46 2.30 7.12 3.09 1.07
2007Y143 Spiral 96.43 3.19 3.78 9.94 2.62 0.84 1.38 3.86 16.79 4.33 0.35
2007Y145 Starburst 99.96 2.61 15.20 35.11 2.30 0.17 2.33 3.81 15.43 4.04 0.61
2007Y151 Starburst 98.13 1.79 6.50 27.00 4.15 0.27 9.94 6.17 19.89 3.21 1.60
2007Y154 Starburst 61.08 - - - - - 7.32 3.49 10.52 3.00 2.09
2007Y155 Starburst 99.66 - - - - - 0.88 1.84 4.28 2.32 0.48
2007Y156 Starburst 96.06 2.05 5.77 14.95 2.59 0.35 1.92 3.01 6.56 2.17 0.63
2007Y158 Starburst 99.12 2.87 4.41 12.66 2.86 0.64 11.87 5.13 17.18 3.34 2.31
2007Y175 Starburst 99.81 0.73 7.20 21.28 2.95 0.10 0.91 3.16 10.98 3.46 0.28
2007Y177 Starburst 99.95 1.29 2.96 11.71 3.95 0.43 2.65 3.06 11.81 3.86 0.86
2007Z180 Spiral 89.63 - - - - - 6.85 2.61 6.92 2.64 2.62
2007Z181 Starburst 88.12 - - - - - 7.42 10.19 35.88 3.52 0.72
2007Z183 Starburst 97.53 - - - - - 0.37 2.12 8.20 3.86 0.17
2007Z185 Starburst 99.86 16.18 6.51 25.64 3.94 2.48 0.90 2.59 8.71 3.35 0.34
2007Z187 Starburst 98.06 9.97 4.34 11.05 2.54 2.29 4.40 2.55 11.06 4.32 1.72
2007Z200 Starburst 98.65 3.57 4.93 11.81 2.39 0.72 3.53 2.90 6.33 2.18 1.21
2007Z202 Starburst 97.61 - - - - - 0.27 1.86 6.89 3.69 0.14
2007Z203 Starburst 99.99 4.59 2.74 5.53 2.01 1.67 0.53 2.60 7.97 3.05 0.20
2007Z205 Starburst 99.12 9.51 8.84 15.90 1.80 1.07 2.28 2.07 4.54 2.18 1.10
2007Z208 Starburst 99.93 3.98 2.66 7.15 2.68 1.49 19.00 2.31 6.58 2.84 8.19251
Table D.9 Host Galaxy Dervied Properties
ESSENCE iD Mass σMass SFR σSFR sSFR σsSFR
log M M/yr log yr−1
2002B010 9.70 0.28 8.27 2.31 -8.78 0.37
2002B013 9.61 0.27 4.78 1.14 -8.93 0.07
2002B016 10.89 0.26 13.73 1.28 -9.75 0.12
2002B017 10.33 0.27 12.74 1.03 -9.23 0.03
2002B020 8.40 0.29 - - - -
2002B022 10.05 0.27 1.50 1.32 -9.87 0.13
2002C015 11.38 0.26 0.59 0.55 -11.61 0.21
2003D033 11.89 0.26 14.30 3.06 -11.74 0.49
2003D058 11.18 0.26 11.51 12.13 -11.42 1.08
2003D083 9.19 0.33 0.81 0.69 -9.28 0.12
2003D084 11.35 0.26 1.06 1.27 -11.32 0.11
2003D085 9.47 0.33 20.07 3.08 -8.16 0.49
2003D086 10.96 0.27 5.76 0.93 -10.20 0.01
2003D089 9.80 0.27 0.95 0.81 -9.82 0.07
2003D093 10.20 0.26 22.17 4.75 -8.85 0.68
2003D097 9.85 0.27 9.57 2.05 -8.87 0.32
2003D099 8.25 0.27 0.20 0.17 -8.96 0.49
2003D100 9.37 0.26 3.61 0.26 -8.81 0.43
2003D117 11.35 0.26 10.43 1.40 -10.33 0.15
2003D149 9.84 0.26 - - - -
2003E020 11.47 0.26 2.10 0.36 -11.15 0.35
2003E027 10.52 0.27 - - - -
2003E029 10.93 0.26 13.34 1.44 -9.80 0.17
2003E108 8.92 0.32 1.19 1.01 -8.85 0.03
2003E132 10.11 0.26 22.89 1.24 -8.75 0.10
2003E136 9.88 0.27 2.09 0.66 -9.56 0.15
2003E140 7.59 0.29 37.32 5.99 -6.02 0.78
2003E148 10.03 0.26 4.82 1.15 -9.35 0.07
2003E149 10.55 0.26 1.31 1.16 -10.43 0.08
2003E309 6.71 0.30 0.41 0.35 -6.99 0.34
2003F096 9.53 0.26 0.85 0.76 -9.61 0.09
2003F123 11.02 0.26 1.20 1.30 -10.94 0.12
2003F216 11.97 0.26 36.44 5.70 -10.41 0.76
2003F221 11.04 0.26 - - - -
2003F235 9.05 0.28 1.87 0.90 -8.78 0.03
2003F244 9.33 0.29 4.25 1.32 -8.70 0.13
2003F301 9.54 0.30 1.44 1.33 -9.38 0.14
2003F308 9.10 0.34 19.06 4.06 -7.82 0.61
2004G001 11.14 0.26 8.60 0.75 -10.21 0.10
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Table D.9 – Continued
ESSENCE iD Mass σMass SFR σSFR sSFR σsSFR
log M M/yr log yr−1
2004G005 11.84 0.26 11.31 0.97 -10.79 0.00
2004G043 10.10 0.26 - - - -
2004G050 11.15 0.27 14.76 3.65 -9.98 0.56
2004G053 11.49 0.27 - - - -
2004G055 10.40 0.26 19.07 1.71 -9.12 0.24
2004G097 9.52 0.26 41.97 2.65 -7.90 0.43
2004G120 10.46 0.26 0.62 1.22 -10.67 0.09
2004G142 11.39 0.27 7.62 1.72 -10.91 0.24
2004G160 6.99 0.31 9.46 2.98 -6.01 0.48
2004G225 10.41 0.28 62.87 7.71 -8.61 0.89
2004G230 11.85 0.26 4.74 1.65 -11.17 0.22
2004G276 9.80 0.26 21.68 1.18 -8.46 0.08
2004H283 10.17 0.26 - - - -
2004H300 9.16 0.33 2.65 2.23 -8.74 0.35
2004H311 10.54 0.27 89.08 9.37 -9.19 0.97
2004H319 8.87 0.26 128.15 10.20 -6.76 1.01
2004H323 9.75 0.28 20.65 4.41 -8.44 0.65
2004H359 8.74 0.27 - - - -
2004H363 10.39 0.26 - - - -
2004H364 9.99 0.27 10.63 2.35 -8.97 0.37
2004K396 11.23 0.26 8.64 0.83 -10.30 0.06
2004K411 9.27 0.36 12.24 11.48 -8.18 1.06
2004K425 9.93 0.26 30.45 1.38 -8.45 0.15
2004K429 10.65 0.27 1.56 0.29 -10.46 0.40
2004K430 9.29 0.29 28.79 4.90 -7.83 0.69
2004K432 9.90 0.29 2.98 2.69 -9.43 0.43
2004K441 11.15 0.27 2.95 2.59 -10.68 0.42
2004K448 10.06 0.28 5.81 1.04 -9.30 0.03
2004K467 11.57 0.27 1.59 1.93 -10.97 0.29
2004K485 9.84 0.26 8.40 1.45 -8.92 0.17
2004K490 9.74 0.29 316.25 14.24 -7.84 1.15
2005M001 9.75 0.28 0.35 0.32 -10.21 0.37
2005M006 10.79 0.26 2.44 0.10 -10.40 0.56
2005M022 9.30 0.28 0.21 0.18 -9.97 0.48
2005M026 7.12 0.45 2.80 2.37 -6.67 0.38
2005M027 11.45 0.27 1.02 0.30 -11.44 0.40
2005M032 6.82 0.36 1.76 0.31 -6.58 0.32
2005M034 10.36 0.33 39.74 5.77 -8.76 0.76
2005M039 10.28 0.26 15.49 1.00 -9.09 0.01
2005M040 10.57 0.26 0.38 1.05 -11.00 0.03
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Table D.9 – Continued
ESSENCE iD Mass σMass SFR σSFR sSFR σsSFR
log M M/yr log yr−1
2005M043 8.72 0.30 3.95 0.79 -8.13 0.07
2005M057 7.89 0.29 - - - -
2005M062 10.70 0.26 12.33 1.37 -9.61 0.14
2005M070 9.93 0.26 8.83 0.71 -8.98 0.12
2005M075 11.55 0.26 0.16 0.04 -12.34 0.58
2005M087 10.72 0.26 12.76 0.93 -9.62 0.02
2005M158 7.28 0.27 7.49 7.04 -6.41 0.85
2005M193 9.61 0.26 2.68 2.99 -11.18 0.48
2005M226 9.25 0.27 - - - -
2005N246 8.56 0.35 31.55 7.64 -7.06 0.88
2005N258 10.31 0.26 21.02 3.65 -8.98 0.56
2005N263 10.72 0.26 - - - -
2005N278 11.59 0.26 5.20 1.07 -10.87 0.04
2005N285 10.04 0.27 9.61 1.95 -9.05 0.29
2005N322 10.63 0.27 3.83 3.54 -10.05 0.55
2005N326 11.65 0.26 0.00 0.43 0.0 0.30
2005N346 9.55 0.27 17.90 1.43 -8.30 0.16
2005N368 10.59 0.26 3.00 3.16 -10.11 0.50
2005N395 9.85 0.26 - - - -
2005N400 10.39 0.28 14.27 2.32 -9.24 0.37
2005N404 10.26 0.26 7.56 0.63 -9.58 0.17
2005P425 8.19 0.35 12.19 2.52 -7.11 0.41
2005P429 11.26 0.27 86.02 7.60 -10.32 0.88
2005P444 10.75 0.27 23.86 4.76 -9.97 0.68
2005P445 9.14 0.27 72.97 11.17 -7.28 1.05
2005P454 11.81 0.26 2.66 2.38 -11.38 0.38
2005P455 11.31 0.26 2.05 0.59 -10.99 0.19
2005P459 6.95 0.32 - - - -
2005P520 7.45 0.34 2.44 2.06 -7.06 0.32
2005P524 7.87 0.39 6.61 1.99 -7.05 0.31
2005P527 11.09 0.26 3.24 1.08 -10.58 0.05
2005P528 9.35 0.29 4.07 3.48 -8.74 0.54
2006Q002 10.92 0.26 - - - -
2006Q006 11.54 0.26 1.79 0.99 -11.28 0.01
2006Q007 10.93 0.26 36.30 1.02 -9.37 0.02
2006Q008 9.86 0.26 0.36 0.24 -10.31 0.45
2006Q014 9.25 0.26 7.25 0.88 -8.38 0.03
2006Q018 10.74 0.26 4.28 0.70 -10.11 0.13
2006Q021 10.71 0.26 10.97 2.03 -9.67 0.31
2006Q022 9.39 0.27 2.11 0.47 -9.07 0.27
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ESSENCE iD Mass σMass SFR σSFR sSFR σsSFR
log M M/yr log yr−1
2006Q048 10.70 0.27 13.25 1.95 -9.58 0.29
2006Q049 9.97 0.26 0.87 0.78 -10.03 0.08
2006Q054 10.61 0.26 45.46 2.08 -8.95 0.32
2006Q061 8.78 0.27 5.86 1.10 -8.01 0.05
2006Q067 9.79 0.27 6.37 0.46 -8.98 0.28
2006Q069 11.24 0.26 6.32 0.67 -10.44 0.14
2006Q075 11.78 0.26 10.58 1.66 -11.65 0.23
2006Q102 11.25 0.27 31.91 3.90 -9.75 0.59
2006Q106 11.56 0.26 8.98 2.21 -10.61 0.35
2006Q107 8.94 0.29 7.48 2.27 -8.07 0.36
2006Q108 10.74 0.33 10.84 3.21 -9.71 0.51
2006Q112 11.08 0.27 2.12 2.11 -11.75 0.33
2006Q114 10.91 0.26 26.26 5.01 -9.89 0.70
2006Q125 7.76 0.29 7.79 1.25 -6.87 0.11
2006R185 11.62 0.26 0.00 0.08 0.0 0.56
2006R186 6.99 0.27 8.94 1.30 -6.04 0.12
2006R190 8.60 0.26 - - - -
2006R193 11.25 0.26 2.08 2.10 -10.93 0.32
2006R195 11.02 0.26 1.15 1.38 -10.96 0.15
2006R196 10.19 0.26 19.30 1.05 -8.90 0.04
2006R199 11.16 0.26 42.36 3.44 -9.53 0.54
2006R200 9.73 0.27 0.33 0.31 -10.20 0.39
2006R206 11.43 0.26 1.02 1.95 -11.42 0.29
2006R207 10.83 0.26 79.88 5.80 -8.93 0.76
2006R209 10.59 0.26 9.36 1.67 -9.61 0.23
2006R213 10.45 0.26 6.48 0.87 -9.64 0.04
2006R225 9.19 0.26 - - - -
2006R230 8.25 0.26 12.01 0.96 -7.17 0.00
2006R311 9.74 0.32 32.47 7.16 -8.23 0.86
2006R317 8.85 0.33 54.92 10.18 -7.11 1.01
2006R318 9.68 0.26 - - - -
2006R322 10.65 0.26 - - - -
2006S340 11.20 0.27 1.62 1.40 -10.99 0.15
2006S346 9.63 0.26 5.44 0.68 -8.88 0.14
2006S347 11.32 0.28 0.41 0.35 -11.71 0.35
2006S349 11.20 0.26 1.18 0.28 -11.12 0.42
2006S350 9.59 0.26 43.25 7.75 -7.95 0.89
2006S351 10.25 0.27 - - - -
2006S353 11.55 0.26 1.59 1.76 -11.35 0.25
2006S355 8.21 0.26 17.38 16.44 -7.97 1.22
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Table D.9 – Continued
ESSENCE iD Mass σMass SFR σSFR sSFR σsSFR
log M M/yr log yr−1
2006S362 9.09 0.27 3.31 0.59 -8.57 0.19
2006S370 9.94 0.26 0.94 0.87 -9.97 0.04
2006S372 10.05 0.27 20.12 4.22 -8.74 0.63
2006S373 10.82 0.26 - - - -
2006S374 8.44 0.30 4.00 3.45 -7.84 0.54
2006S375 11.67 0.26 8.80 2.70 -10.72 0.43
2006S377 8.19 0.26 7.28 1.50 -7.33 0.18
2006S379 9.92 0.26 0.29 0.14 -10.45 0.53
2006S380 11.09 0.26 - - - -
2007X016 10.58 0.26 - - - -
2007X017 11.70 0.26 21.40 2.80 -10.37 0.45
2007X020 8.96 0.28 2.68 2.30 -8.53 0.36
2007X025 9.51 0.26 150.28 6.81 -7.33 0.83
2007X033 10.36 0.27 5.41 1.38 -9.62 0.15
2007X034 9.23 0.26 - - - -
2007X039 11.74 0.29 3.67 3.26 -11.18 0.51
2007X066 7.87 0.27 10.36 1.42 -6.85 0.16
2007X071 9.50 0.26 - - - -
2007X077 6.84 0.31 1.54 1.30 -6.65 0.13
2007X080 10.58 0.26 32.17 3.16 -9.07 0.50
2007X085 9.70 0.26 149.83 11.93 -7.52 1.08
2007X089 11.02 0.26 - - - -
2007X107 9.59 0.26 0.16 0.07 -10.38 0.57
2007Y125 10.89 0.26 0.33 0.31 -11.36 0.39
2007Y127 11.04 0.26 8.11 2.35 -10.13 0.37
2007Y134 10.75 0.26 1.23 0.40 -10.66 0.32
2007Y136 9.15 0.26 1.55 1.38 -8.96 0.15
2007Y137 7.70 0.26 46.10 4.06 -6.03 0.61
2007Y142 8.60 0.27 2.05 1.76 -8.29 0.25
2007Y143 10.57 0.26 3.28 1.03 -10.05 0.03
2007Y145 10.46 0.26 82.21 7.94 -8.54 0.90
2007Y151 10.59 0.26 83.84 7.46 -8.66 0.87
2007Y154 8.53 0.26 - - - -
2007Y155 8.14 0.41 4.24 3.58 -7.51 0.56
2007Y156 10.44 0.27 18.24 4.35 -9.18 0.64
2007Y158 10.21 0.26 23.60 2.71 -8.83 0.43
2007Y175 9.67 0.26 21.55 3.31 -8.34 0.52
2007Y177 8.03 0.27 2.36 0.67 -7.66 0.14
2007Z180 10.43 0.31 0.96 0.92 -10.45 0.01
2007Z181 8.62 0.27 - - - -
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ESSENCE iD Mass σMass SFR σSFR sSFR σsSFR
log M M/yr log yr−1
2007Z183 8.95 0.29 0.34 0.31 -9.42 0.37
2007Z185 10.64 0.28 27.53 3.56 -9.20 0.55
2007Z187 10.03 0.26 16.53 1.47 -8.82 0.18
2007Z200 8.11 0.31 8.00 1.63 -7.20 0.22
2007Z202 9.84 0.26 - - - -
2007Z203 6.84 0.30 4.45 0.68 -6.19 0.13
2007Z205 8.21 0.30 12.47 2.10 -7.11 0.33
2007Z208 8.47 0.27 6.32 1.71 -7.67 0.24
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